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Abstract
The control of the flow of light using photonic-band-gap materials has received considerable
attention over the past decade, and the technological applications of artificially structured
metamaterials, like photonic crystals, have demonstrated the potential of artificially engi-
neered media in photonics.
Photonic crystals are periodic structures with spatial period comparable in size to the
wavelength of light. Unlike unstructured materials, their dispersive properties can be manipu-
lated through the choice of materials and the geometrical design. The idea of periodic systems
with a tailored modulation of the dielectric function was motivated by the well-known physics
of electronic Bloch states, because the dielectric scattering of light in periodic media presents
the same formal solutions as those for the scattering of electrons in periodic potentials.
Analogous to the electronic bandgaps formed in semiconductors, photonic crystals possess
photonic bandgaps, frequency bands where light is completely reflected due to interference.
This unique control of light has inspired the development of many photonic crystal devices
such as integrated optical waveguides, cavities, optical-switches and even super-prisms.
Recently, however, in the study of electronic systems, it has become apparent that even
in the absence of interaction effects, the dispersion relations of the energy bands do not
fully characterize the dynamics of wave packets in all symmetry conditions. The additional
information, which is not obtainable from the simple knowledge of the energy bands is the
topological description of the photonic band structure. Topology, a property related to the
global structure of the frequency dispersion of a photonic system, emerged as a new tool for
viii
the control of momentum space and an additional degree of freedom for the discovery of
fundamentally new states of light.
Topological ideas in photonics branch from exciting developments in solid-state physics,
along with the discovery of new phases of matter called topological insulators, materials
which are conventional insulators in the bulk but support dissipationless topologically pro-
tected edge states. Topological insulators have been of interest to physicists as much for their
unique physics as for their plethora of potential applications, which include the whole range
of possibilities from nano-scale electronic circuits to the realization of Majorana fermions
and large-scale quantum computers.
Recent works propose to transfer the key feature of topologically non trivial electronic
models to the realm of photonics. There are many advantages to studying band topologies
in photonic systems. First, in contrast to the topological insulator state in conventional
materials, where we are limited to select atomic compositions and crystalline arrangements,
in photonics we can literally build a topological system through the selection of materials
and geometry and we can tune continuously the design to create any of the allowed bulk
or edge dispersions. Second, photons have no Fermi levels, therefore the whole photonic
band structure can be probed using photons with different energy. Moreover, there is no
fundamental length scale in Maxwell’s equations, therefore experimentalists can work at any
wavelength. Finally, the exploitation of topological effects could dramatically improve the
robustness of photonic devices in the presence of imperfections.
The field of topological photonics has grown exponentially in recent years. Non-trivial
topological effects have been proposed across a variety of photonic systems. Much like
the field of topological insulators in electronics, topological photonics promises an enor-
mous variety of breakthroughs in both fundamental physics and technological outcomes.
Despite these potentials, advancements in topological photonics research has been hindered
by diffculties in fabricating 3D structures that fulfill the requirements to exhibit topologically
non-trivial properties. Currently, the main challenge in this field is the realisation of topo-
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logical optical structures for the development of on-chip optical systems that support states
of light that are immune to back scatter, robust against perturbation and feature guaranteed
unidirectional transmission.
The aim of this thesis is to realise and investigate three-dimensional photonic microstruc-
tures with topologically non trivial properties and operative wavelength in the optical regime
for application as optical signal processing devices. In particular, our goal is to realise
photonic crystals that possess frequency isolated linear point degeneracies in their three-
dimensional dispersion that define the illusive Weyl points. Weyl points act as monopoles
or anti-monopoles Berry flux in momentum space, and carry chirality defined by quantised
topological charges. Here we demonstrate a new technique for the experimental realisation
of photonic type I Weyl points in a bio-inspired three-dimensional photonic crystal with
operative wavelength in the middle-infrared. More importantly, we discover the chiral nature
of the photonic Weyl points by coupling with spin-angular momentum carried by circularly
polarised light.
Our photonic structures are based on the biomimetic gyroid networks, structures that
naturally occur in several biological nanostructures such as the wing scales of the Callophrys
Rubi butterfly. The gyroid network is a three-dimensional periodic network with both cubic
symmetry and chirality and thus is an excellent platform for the development of chiral
photonic crystals and a powerful platform for the study of novel photonic topological states.
We demonstrate that by using a galvo-dithered direct laser writing technique it is possible
to fabricate biomimetic gyroid structures with superior control over size, periodicity and
filling fraction compared to the biological counterparts. This method is particularly suitable
for fabricating achiral double gyroid micro-structures, which are the first step for the Weyl
point realisation. Using this technique, we are able to incorporate defects into the double
gyroid design and in this way break the parity symmetry, as required in the Weyl points
systems.
xTo obtain frequency isolated Weyl points in the band structure and detect them clearly, a
high refractive index structure is required. We propose the idea of coating the polymer tem-
plates with high refractive index materials creating a core-cladding structure to increase the
effective refractive index of the photonic crystals. The core-cladding structure is practically
realised via atomic layer deposition of layered-composite nanometric antimony telluride on
polymer templates created via three-dimensional direct laser writing.
Finally, we characterise the Weyl point structures with angle-resolved transmission
spectroscopy and investigate the chiral character of the opposite charged point degeneracies
through the coupling with circularly polarised light. In this way we discover a Weyl point-
induced mechanism that leads to reversed circular dichroism along the directions that intersect
the oppositely charged topological photonic states.
The operation of these topological structures at optical wavelengths and efficient fab-
rication via three-dimensional nano-lithography make them highly desirable in integrated
photonic chips and nano-photonic devices. The discovery of the Weyl-point induced re-
versed circular dichroism provides an entirely new platform for developing topologically
protected super-robust photonic devices in angular-momentum-based information processing,
circular-dichroism-enabled protein sensing, spintronics and quantum optoelectronics.
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Chapter 1
Introduction
Many of the true breakthroughs in our technology have resulted from a deep understanding
of the properties of materials. Today we boast a collection of wholly artificial materials,
fabricated devices that enable control of wave propagation in a chosen wavelength range in
the field of electromagnetic and optical waves. Artificial media exhibit a tremendous range
of properties that are much more pronounced than those found in natural materials. Many
even exhibit properties that were not observed before in natural media, thanks to advances in
technology [1].
The micro- and nano-photonic research fields have demonstrated the potential of arti-
ficially engineered photonic media. The unique flexibility of design and the possibility to
mix photon states with excitonic resonances, allows the engineering of novel materials with
optical properties that are not found in nature and the achievement of optical phenomena
analogous to those found in solid-state topological systems.
Originating from the studies of two-dimensional condensed-matter states, the concept
of topological order has recently been expanded to other fields of physics and engineering,
particularly photonics. Topological photonic materials have already overturned some of
the traditional views on wave propagation and manipulation. Currently, the realisation of
topological photonic devices is one of the main challenges in photonics.
2 Introduction
In this introductory chapter we offer a summary of concepts pertinent to this research
thesis. At the end of this introductory chapter we discuss the objectives and outline of this
PhD research thesis.
1.1 Photonics
In the last few decades a new frontier has opened up, photonics, the study of the fundamental
properties of light. The goal of this research field is to use light to perform functions
that traditionally fell within the domain of electronics, such as telecommunications and
information processing. Moreover, photonics covers a huge range of science and technology
applications.
Artificial photonic structures are engineered materials that respond to light waves over a
desired range of frequencies, by perfectly reflecting them, by allowing them to propagate
only in certain directions, or by confining them within a specified volume. They have been
developed and studied in order to force the motion of photons, i. e. molde the flow of light
[2] and enable a broad range of applications and technological developments.
So far, photonics has greatly influenced both the academic and industrial worlds. The
potential applications of photonics are virtually unlimited, including all areas from everyday
life to the most advanced science, such as detection, information processing, photonic com-
puting, lighting, metrology, spectroscopy, holography, medicine military, material processing,
biophotonics, agriculture, and robotics.
With the growth of the photonics industry, many new research fields have led to a great
impact on the photonics community. For example, the demand for ultra-compact integrated
photonic devices with enhanced physical properties has promoted the research of artificially
engineered micro- and nano-photonic media, such as photonic crystals (PhCs) [2], which
have demonstrated greatly enhanced optical properties unachievable in standard optical
materials [3–5]. Topological photonics is another emerging field [6, 7], where topology
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Fig. 1.1 Schematic depiction of one-, two-, and three-dimensional photonic crystals. The
different colours represent materials with different dielectric constants. The defining feature
of a photonic crystal is the periodicity of dielectric material along one or more axes. Only a
three-dimensional periodicity, with a more complex topology than is shown here, can support
an omnidirectional photonic bandgap. Figure from [2].
applied to PhCs can be used to enabled novel photonic devices protected from fabrication
defects and impurities.
There have been significant experimental efforts, to realize topologically non trivial PhCs
at the technologically important optical regime. However, this results challenging, due to the
lack of appropriate fabrication techniques.
1.2 Photonic crystals
A PhC is a periodic structure with spatial period comparable in size to the wavelength of light
( Fig. 1.1). The periodically structured electromagnetic media is the analogue of a crystalline
atomic lattice. The latter acts on the electron wavefunction of the electromagnetic media to
produce the familiar band gaps of solid-state physics, and in a similar way, PhCs affect the
motion of photons travelling through the structure [2].
A unique property of PhCs is that they can be designed to have tailored dispersive
features. These structures have the ability to manipulate light in many unnatural ways,
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leading to a broad range of interesting physical phenomena such as the slow light effect
[8], the superprism phenomena [9], spontaneous emission enhancement [10], waveguiding
[11], micro-cavity lasers [12], and many more. At operative wavelengths photonic bandgaps
(PBG) exist, frequency bands where light is completely reflected from the photonic crystal
due to interference, analogous to the electronic bandgaps formed in semiconductors [2]. This
unique control of light has inspired the development of many photonic crystal devices such
as integrated optical waveguides, cavities, optical-switches and even super-prisms.
Lord Rayleigh in 1887 studied electromagnetic wave propagation in periodic media,
in connection with the peculiar reflective properties of a crystalline mineral with periodic
twinning planes. He identified the fact that these minerals have a narrow, angle-dependent
band gap prohibiting light propagation through the planes. Due to the differing periodicities
experienced by light propagating at non-normal incidences, the reflected colour varies
sharply with angle. Although one-dimensional multilayer films received intensive study
over the following century, it was only 100 years later that Yablonovitch and John in 1987
joined the tools of classical electromagnetism and solid-state physics, that the concepts
of omnidirectional photonic band gaps. The generalization to multi-dimensional systems
inspired the name photonic crystals and led to many subsequent developments in their
fabrication, theory, and application.
The study of wave propagation in two- and three-dimensionally periodic media was
pioneered by Felix Bloch in 1928 [13], who unknowingly extended the one dimension
theorem derived by G. Floquet in 1883. Bloch proved that the behaviour of electromagnetic
waves in such a medium is governed by a periodic envelope function multiplied by a
planewave, and therefore waves can propagate without scattering.
According to quantum mechanics, electrons in a conductor scatter only from imper-
fections and not from the periodic ions. The same mathematical structure can be ap-
plied also to electromagnetism by casting Maxwell’s equations as an eigenproblem in
analogue with Schrödingers equation. A PhC corresponds to a periodic dielectric function
1.2 Photonic crystals 5
ε(−→x ) = ε(−→x +−→Ri) for some primitive lattice vectors −→x (1 = 1,2,3 for a periodicity in three
dimensions). In this case, the Bloch-Floquet theorem for periodic eigenproblems states that
the solutions to the Maxwell’s equations can be chosen of the form
−→
H (−→x ) = ei
−→
k x−→H n,−→k (
−→x )
with eigenvalues ωn(
−→
k ), where
−→
H n,−→k is a periodic envelope function satisfying:
(
−→
∇ + i
−→
k × 1
ε
(
−→
∇ + i
−→
k )×−→H n,−→k =
(
ωn(
−→
k )
c
)2−→
H n,−→k , (1.1)
yielding a different Hermitian eigenproblem over the primitive cell of the lattice at each
Bloch wavevector
−→
k . If the structure is periodic in all directions, this primitive cell is a
finite domain, leading to discrete eigenvalues labelled by n. The eigenvalues ωn(
−→
k ) are
continuous functions of
−→
k , forming discrete bands when plotted versus the
−→
k , in a dispersion
diagram. Both ωn(
−→
k ) and
−→
k are conserved quantities, therefore the band diagram maps out
all possible interactions in the system. Moreover,
−→
k is not required to be real. Complex
−→
k
gives evanescent modes that can exponentially decay from the boundaries of a finite crystal,
but which cannot exist in the bulk. Furthermore, the eigensolutions are periodic functions of
−→
k as well. The solution at
−→
k is the same as the solution at
−→
k +
−→
j j, where
−→
G j is a primitive
reciprocal lattice vector defined by
−→
R i · −→G j = 2πδi, j. Due to the periodicity, it is only
necessary to compute the eigensolutions for
−→
k within the primitive cell of this reciprocal
lattice. Conventionally, the set of inequivalent wavevectors closest to the
−→
k = 0 origin,
is a region called the first Brillouin zone. Furthermore, if the crystal possesses additional
symmetries, the first Brillouin zone may itself be redundant. By eliminating these redundant
regions, one obtains the irreducible Brillouin zone, a convex polyhedron that can be found
tabulated for most crystalline structures.
1.2.1 Bandgap engineering
The effects of the periodicity on the solutions of Maxwell’s equations are analogous to the
effects of a periodic potential in quantum mechanics, such as that found in semiconductor
crystals. Due to the crystalline atomic lattice, semiconductors possess 3D periodic potentials.
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Fig. 1.2 a, Dispersion relation (or band diagram), frequency ω versus wavenumber k, of a
uniform one-dimensional medium, where the dashed lines show the folding effect of applying
Bloch’s theorem with an artificial periodicity a. b, A physical periodic dielectric variation
(inset), opens a gap in the bands by splitting the degeneracy at the k =±π/a Brillouin-zone
boundaries (as well as a higher-order gap at k = 0). c, Schematic origin of the band gap in
one dimension. The degenerate k =±π/a planewaves of a uniform medium are split into
cos(πx/a) and sin(πx/a) standing waves by a dielectric periodicity, forming the lower and
upper edges of the band gap, respectively.
This leads to the formation of electronic bandgaps, an energy range where electrons cannot
exist (Fig. 1.2). In PhCs, the periodicity of the structure causes PBGs to form. In the
photonic case, the bandgap is a frequency range where the solutions to Maxwell’s equations
are evanescent, i.e. they decay exponentially in strength as they propagate through the PhC
[2]. Therefore, light that is incident on a PhC at a frequency in the photonic bandgap, cannot
transmit through and is reflected back. There are also incomplete gaps, which only exist over
a subset of all possible wavevectors, polarizations, and/or symmetries that are called stop
bands.
Manipulation of light in a PhC has generated new physical phenomena. For example, a
one-dimensional (1D) PhC is the multi-layer stack, which consists of a periodic modulation
of the refractive index (n) along the direction of propagation. This PhC is also known as
the Bragg mirror, as the interference of light is analogous to the interference of x-rays in
a crystal, where constructive and destructive interference cause a band of wavelengths to
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be reflected. Bragg mirrors are used extensively today within the fibre optics industry to
selectively reflect a particular wavelength within an optical fibre by designing a gap at the
wavelength of operation. For example in a fibre laser one can use these fiber Bragg mirrors as
mirrors analogous to the mirrors in a laser cavity. Moreover, giant dispersion effects including
negative refraction [1, 14], slow light [8], and superprisms [9] have been demonstrated in
PhCs.
For these reasons, PhCs are an excellent tool for developing novel optical devices with
unique optical properties not achievable in standard materials. Most of the applications
predicted for PhCs involve devices that can be used in integrated circuits [15, 16]. One
example are PhC silica fibers [17], which appear as the first application of PhC to the real
world of optical communications. A PhC fiber is an optical fibre that does not guide via total
internal reflection but instead, confines light by a two-dimensional (2D) PhC that surrounds
the core. Fibers are used today for their ultra-broadband output in the generation of a super-
continuum light source. Combined with a tunable optical filter, these light sources make
excellent tools for spectroscopic characterisation in the visible, near-infrared (NIR) and
mid-infrared (MIR).
Another possible application is the use of PhCs as sensors [18]. This is enabled by
their well-defined physical properties such as reflectance and transmittance, superior levels
of sensitivity resulting in precise detection limits as well as due to the visual quality they
display in the visible range. When the PhC technology is employed it is possible to ob-
tain very small sensors and measurements are possible through coupling the incident and
reflected/transmitted light to optical fibers and analysing them in remote locations.
Despite these potentials, advancements in three-dimensional (3D) PhC research have
been hindered by difficulties in fabricating 3D structures with complete and controllable
dispersion properties. Different micro-fabrication methods have been used to realize micro-
and nano-3D PhCs with complete PBGs [19–21]. However, these approaches present a
number of drawbacks including the difficulty in incorporating point, line and plane defects,
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and a large aspect ratio with consequent loss of cubic symmetry. Other fabrication techniques
such as direct laser writing (DLW) have led to a simple process of forming 3D symmetric
PhCs [22], but due to the lack of accessible high-n photoresists, such structures lack the
strong PBG confinement and versatile PBG engineering. Another technical challenge to the
application of PhCs in optical devices is the presence of losses. Conventionally designed
PhCs have random manufacturing variations, such as disorder, roughness, impurities. These
imperfections cause scattering losses and affect the optical properties and therefore set a limit
to the applications.
In addition to the technical problems in the practical realisation of the micro- and nano-
structures, there are also intrinsic limitations of the structure design that must be considered.
Previous photonic-band-structure calculations have focused on the frequency dispersion of
the photon bands, and the most common degrees of freedom used for the description of a
photonic system have been frequency, wave vector, polarization and phase of the propagating
light wave. It has usually been assumed that a knowledge of the spectrum alone represents a
complete understanding of the dynamics of the system. Recently, however, in the study of
electronic systems, it has become apparent that, even in the absence of interaction effects, the
dispersion relations of the energy bands do not fully characterize the semi-classical dynamics
of wave packets, unless both spatial-inversion symmetry and time-reversal symmetry are
unbroken [23]. The additional information, which is not obtainable from knowledge of the
energy bands alone, is the topology of the bandstructure.
1.2.2 Topological photonic band structures
By analogy to electron waves in a crystal, light in a periodic dielectric structure can be
described by Bloch band theory and therefore the idea of a photonic band structure is
introduced. Recently, the field of photonics benefit from the application of the ideas of
topology to photonic band structures.
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Topology is a property of photonic materials that relates to the global structure of their
frequency dispersions. In the last few years this branch of mathematics emerged as a new
degree of freedom in photonics, opening a path forward to the discovery of fundamentally
new states of light and possibly revolutionary applications, including photonic circuitry less
dependent on isolators and slow light insensitive to disorder.
In 2005, Haldane and Raghu applied topological ideas to photonic systems, proposing
theoretically the photonic analogue of the quantum (anomalous) Hall effect in PhCs [24].
Three years later, this idea was confirmed by Wang et al. [25], who provided realistic
material designs and experimental observations. These studies spurred numerous subsequent
theoretical and experimental investigations, paving the way to a whole new research field [6].
The field of topological photonics has grown exponentially in recent years. Non-trivial
topological effects have been proposed and realized across a variety of photonic systems
at different wavelengths and in all three spatial dimensions [26–29]. Much like the field of
topological insulators in electronics, topological photonics promises an enormous variety of
breakthroughs in both fundamental physics and technological outcomes.
For 3D topological phases, the fundamental bandstructures are Weyl points (WPs), the
focus of this thesis. Photonic type-I Weyl points were predicted [30] and subsequently
observed [29] in macroscopic PhCs at microwave frequencies and type-II Weyl points have
also been observed at optical frequencies [31]. The application of WPs, and especially type-I
WPs, to 3D guided wave propagation will enabled novel photonic devices protected from
disorder. Moreover, discrete degrees of freedom, widely used in condensed-matter physics,
such as spin and valley, are now entering the realm of photonics thanks to the chirality of this
line point degeneracies.
Technologically, the exploitation of 3D topological effects could dramatically improve
the robustness of photonic devices in the presence of imperfections [7]. As a result, it will
become easier to design new and robust devices. Despite these potentials, advancements in
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topological photonics research has been hindered by difficulties in fabricating structures that
fulfil the requirements to exhibit topologically non-trivial properties.
1.3 Bio-inspired structures
Among the multiplicity of PhC designes that have been studyed, biomimetic PhCs have
aroused a particular interest in photonics. In particular, photonic type-I WPs derive from
bio-inspired 3D materials.
Biological PhCs are mechanically robust, as evolution of selfassembly leads to the devel-
opment of mechanically stable and functional structures. Along with excellent mechanical
properties, many biological specimens also contain interesting geometrical features such as
cubic symmetry and chirality, thus are great inspirations for the designs of 3D nano-photonic
devices.
While modern 3D electron microscopy methods allow the understanding of the complex
spatial nanostructures formed by nature, advances in nanofabrication methods such as electron
beam lithography with resolutions below 10 nm [32] enable the accurate replication of these
structures for custom-designed photonic applications, resulting in biomimetic structures.
Bio-inspiration is the adaptation of structure that has been found to exhibit certain properties
in living systems for the design of synthetic systems in fields such as nano-photonics. For
example, natural anti-reflection coatings based on gratings have been identified in the visual
systems of moths and have indeed been mimicked for industrial application [33]. Similarly,
photonic designs found in the eyes of various organisms have allowed polarisation sensitive
vision, in particular linear- and also circular-polarisation [34].
Many of these biomimetic photonic structures are 2D, or variations of a 2D pattern, as for
example the tree-like lamellae grating responsible for the strong iridescence in the Morpho
butterfly [35]. However, intricate 3D nanostructures based on ordered or disordered spatial
networks are also observed in several organisms. In this thesis we focus on gyroids, triply
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periodic biomimetic PhCs. Realized as an achiral sheet of finite thickness, the gyroid surface
is ubiquitous in self-assembled materials, including lipid systems [36], copolymer systems
[37, 38], mesoporous silicas [39], germanium oxides [40] and also in cubic innercellular
membranes [41]. Materials structured according to just a single chiral gyroid are less common
in nature than that of the achiral gyroid surface, but have been reported in zeolites [42],
terblock-copolymers [37], butterfly wing scales [43], chiral structures derived from the MCM-
48 mesoporous silica [44] and from mesoporous germanium oxides [42].
1.4 Beyond nature inspiration
Biological photonic structures can guide the man-made materials design, the relationship
between structures and functions, and inspire future trends. A general and basic procedure
for the development of bioinspired photonic materials consists in:
1. Discovery of a unique property of a biological system and identify the related structure.
2. Understanding the relationship between structure and properties based on experimental
and theoretical study, revealing the physical origins and underlying optical mechanisms.
3. Replication of the biological materials.
However, natural systems are found to have several drawbacks to their optical perfor-
mance, as for example gyroid structures from butterfly wings, which have low n (∼ 1.5),
different crystallite orientation (both left- and right-handed single gyroid enantiomers are
present on butterfly wings), and uncontrolled structure disorders. Therefore there is an
additional step forward that can overcome these limitations:
• Realisation of a new version of the biological materials withtailored features and
enhanced properties for specific technological applications.
Artificial structures are shown to have size, controllability, and uniformity that are
superior to those of their biological counterparts [45]. Moreover, it is also possible to choose
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materials, shape and dimension. The full control of geometrical parameters and choice of
materials enables the enginering of the dispersion properties of synthetic photonic materials
[16], and as in the case of type-I WPs [30], a complete topological bandgap engineering.
1.5 Thesis objective
The possibility to investigate the role of a variety of collective effects that are difficult to
control in condensed-matter systems, makes PhCs the starting point for practical application
in photonics and topological photonics.
Among all the possible lattices, the unique geometrical properties exhibited by the gyroid
surface and its related morphologies ensure that gyroid structured materials are a particularly
fascinating case study of the complex relationship between morphology and optical properties
[46]. Indeed, it is therefore unsurprising that PhCs based on the geometry of triply-periodic
chiral gyroid surfaces possess such a band structure and are expected to display a rich variety
of optical and topological phenomena, from linear and circular dichroism (CD) [47], to
optical activity [48], and the recent demonstration of photonic type-I WPs [29]. In particular,
there are multiple properties that have been predicted to derive from the topological nature of
the WP topological quantum state, such as topologically protected 2D chiral surface states
realizable at optical frequencies, possible new 3D topological phases of complete frequency
gaps, novel transmission properties and other unconventional phenomena associated with the
density of states and the dispersion relations close to the degeneracy points.
Although the photonic WPs have been observed in the microwave regime [29], there has
been no experimental demonstration of type-I WPs in the optical regime. The demonstration
of such WPs in microwave materials cannot harvest the full potential of these topological
systems as the application in integrated photonic devices. More importantly, the chirality of
the WPs, which is one of the key features in Weyl semimetals, has been completely ignored
in the previous photonic effort. In fact, the photonic WPs could result in a new platform
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of manipulating spin-angular momentum and thus reversed CD along the directions that
intersect the oppositely charged topological photonic states. The main hurdle to realising
WPs in the optical regime is the lack of 3D crystal microstructures with symmetry and
material requirements.
The aim of this project is to realise optical type-I WP micro-structures based on the
geometry of the biomimetic gyroid networks and investigate the optical properties and the
chirality of the line point degeneracies.
In order to realise the type-I WP-phase in the optical regime and study the chirality of the
WPs, there are three milestones for this PhD project:
• The development of a method to arbitrarily tune the refractive index of gyroid PhCs
(Chapter 3).
• The realization of achiral double gyroid micro-structures with broken parity symmetry
(Chapter 4).
• The numerical and experimental study of the optical properties of the topological
WP-PhCs and their interaction with the spin angular momentum of light (Chapter 5
and Chapter 6).
1.6 Thesis overview
This thesis has the following structure:
Chapter 2, Literature review: This chapter begins with a review of the principles
behind the DLW method with particular emphasis on two-photon polymerization. Afterwards,
we introduce the biomimetic gyroid structures, which have greatly inspired the photonic
designs in this thesis and we review their photonic properties. This is then followed by the
introduction of topology and a brief review of the evolution of the topological photonics field.
Finally we present the WPs and we show their connection to gyroid structures.
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Chapter 3, Refractive index tuning: In this chapter we report the experimental realisa-
tion of bio-inspired 3D gyroid PhCs with high-n. We demonstrate that with galvo-dithered
DLW (GD-DLW) technique it is possible to fabricate biomimetic photonic structures with
superior control over size, periodicity, filling fraction compared to biological counterparts.
We propose the idea of coating the polymer templates with high-n creating a core-cladding
structure, increasing the effective n of the PhCs. We present two different experimental
strategies to realise the core-cladding structure. The first one consists of layer-by-layer
deposition of high-n nanoparticles on the polymer templates, and the second one is realised
via atomic layer deposition (ALD) of a layered-composite nanometric high-n material on the
polymer PhCs.
Chapter 4, Achiral 2-srs microstructures fabrication: Here we present the first step
towards the experimental realisation of photonic type I WPs in the MIR regime. We will illus-
trate the realisation and characterisation of bio-inspired double gyroid (DG) PhCs, which are
the starting point for obtaining photonic WP structures. We present our novel substrate-less
fabrication protocol to realise PhCs without background and therefore without interference
during the transmission measurements. Finally, we investigate the dependence of the me-
chanical and geometrical properties from the fabrication parameters and we experimentally
test the optical properties of dielectric DG structures and compare the results with numerical
predictions.
Chapter 5, Theoretical analysis of achiral 2-srs photonic crystals: In this chapter we
show the ability of achiral 2-srs networks to host WPs by comparing their band structure
calculations with those of the achiral DG. We investigate the behaviour of the bandstructures
as n, filling fraction and perturbation size and shape change. In order to understand the
coupling between WPs modes and light, we calculate the Bloch modes of the 2-srs PhCs and
analyse their polarisation states and the coupling to free space plane waves. We provide a
comparison between the transmission spectra with the band structure of the PhCs. Finally,
we investigate the surface state of the WP PhCs.
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Chapter 6, Experimental observation of optical type I photonic Weyl points: This
chapter focusses on the experimental realisation of photonic type I WPs in the MIR regime.
We explain the general requirements to fabricate the WP PhCs and the method that we develop
to fulfil those requirements. We report our experimental results of the fabrication of achiral
2-srs PhCs with broken P-symmetry and high-n. After that, we present the characterization
of the PhCs and the investigation of the chiral character of the opposite charged WPs.
Chapter 7, Conclusions: In this chapter we provide a summary and discussion of the
results of this thesis. We then discuss the outlook of this work and propose future research
based on the findings of this thesis.

Chapter 2
Literature review
2.1 Introduction
While the field of topological photonics is still developing, a large number of proposals and
experiments have demonstrated its transformative potential for fundamental and applied
photonics. To harvest the full potential of this field, methods and techniques for micro- and
nano-structuring able to create large structures with small features and high refractive index
(n) are required. A range of nanofabrication methods can be used to perform this task, each
with their own advantages and disadvantages that limit the scope of their geometrical designs.
In this chapter, we review the state-of-the-art of the research work that is highly relevant
to the study conducted in this thesis. This chapter begins with a brief review of the principles
behind the direct laser writing method (DLW) with particular emphasis on two-photon
polymerization. Afterwards, we review the biomimetic gyroid structures, which have greatly
inspired the photonic designs in this thesis and we review their photonic properties. This
is then followed by the introduction of topology and a brief review of the evolution of the
topological field both in solid state and in photonics. Finally we present the Weyl points
(WPs) and we show their connection to gyroid structures.
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2.2 Three-dimensional micro-fabrication techniques
In areas as optics, microelectronics, and medical device industries, miniaturization of complex
structures is crucial. Micro- and nano- fabrication techniques literally brought about the
integrated circuit (IC) revolution of the latter part of the twentieth century. Almost all
electronic devices that we use today have one or more ICs inside [15]. The advancement in
fabrication techniques led to smaller and smaller transistors [49], which translated into faster
and more efficient computing machines.
Different microfabrication methods have been used to realize micro- and nano-structures
[50, 51]. However, these approaches present a number of drawbacks including the difficulty
in incorporating point, line, and plane defects. Three-Dimensional (3D) micro-fabrication
using two-photon polymerization (TPP) stands out among other micro-fabrication tech-
niques because of its versatility, low costs, straightforward chemistry and the possibility to
incorporate variations and defects in the system designs.
In what follows we will present a brief review of TPP micro-fabrication, including the
photochemical aspect of the fabrication process.
2.2.1 Material processing with femtosecond laser
The basis of laser fabrication is laser material processing which started soon after the first
demonstration of the ruby laser in 1960 [49]. With the excellent laser beam quality, coherence,
power and frequency stability, short pulse duration, and high transient power, almost any
kinds of material can be processed by lasers in a well-controlled manner.
Nonlinear processes, like multi-photon absorption including two-photon absorption
(TPA) [52, 53], has come to play a dominant role in nanofabrication. To take advantage of
nonlinear effects, the use of ultra-short laser excitation is essential. In the early 1990’s, it
was recognized that laser-matter interactions for femtosecond (fs) pulses were fundamentally
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different from interactions resulting from longer pulses or continuum wavelength lasers, for
the following reasons:
• Femtosecond lasers carry much greater peak power. With conventional light
sources the strength of the light field is in the range of 1 V/cm and the resulting
dipole elongation is smaller than 10−16 m, much smaller than atomic or molecular
diameters (10−10 ∼ 10−7m). With fs laser irradiation, the field strength could be as
intense as 108V/cm, sufficient to induce direct bond breaking. Various nonlinear
effects could be easily triggered, among which (the most important for laser fabri-
cation) is multi-photon absorption. Multi-photon absorption has an extremely small
cross-section; it is confined to occur only in a small 3D volume around the close
vicinity of the laser focus, less than the cubic wavelength (λ 3). Hence, a quite high
three-dimensional (3D) spatial resolution can be achieved in the pinpoint exposure
[54].
• The excitation is a heat insulation process. When materials are irradiated with a
femtosecond laser pulses, the photon energy is deposited much faster than electrons
could transfer it to the lattice, or molecule/ atom oscillations through phonon emission.
This provides an ideal optical excitation means for many photochemical or photophys-
ical reactions where thermal effects, a process difficult to localize, are not desired
[54].
• A femtosecond laser can penetrate into and tailor desired structures from inside
transparent materials, giving an intrinsic 3D processing capability. For many
dielectric materials, there is a transparent window in the near-infrared (NIR) spec-
tral region, which is covered neither by electronic band-band absorption nor by
atomic/molecular oscillation absorption [54].
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2.2.2 Photo-polymerisation
Light, as an energy source, can trigger photochemical reactions, which is the basis of
photochemistry [55]. Focused femtosecond laser irradiation confines these reactions into a
sub-wavelength volume. Localized photochemical reactions provide a diverse mechanism
for fabricating microstructures besides those discussed previously.
Photonic crystals can be fabricated by mean of three different processes: microexplosion,
structural changes, polymerisation. Photo-polymerisation is one of the most important
types of photochemical reactions that have been used for laser fabrication [56, 57]. This is
because the material resins undergo a significant phase transition after laser irradiation, from
liquid to solid, and non-polymerised liquid is easily removed by a developing process [55].
The resulting structures have real physical shape, contrasting with those recorded in solid
matrixes, therefore laser photo-polymerisation can be used to realise optical components,
micromechanical devices and microelectromechanical systems. Moreover, by using two-
photon-induced photo-polymerisation, it is possible to polymerize structures with sub-micron
features [58], enabling a more diverse use of the technology.
Photo-polymerisation refers to the process of using light as an energy source to induce
the conversion of small unsaturated molecules in the liquid state to solid macromolecules
through polymerization reactions [55, 59]. The basic components of the starting liquid
material are monomers and oligomers (or prepolymer), that may be solidified by two means:
polymerisation and crosslinking upon light excitation [56, 57].
2.2.2.1 Polymerisation process
An important feature of polymerisation is the chain reaction by which macro-molecules are
created. On the other hand, cross-linking is concerned more with the formation of crosslinks
with chemical bonds, which is different from the entangling of polymer chains. For practical
photo-polymer systems, more components are included, most importantly photoinitiators and
photosensitizers [59]. In order to increase the initiating efficiency, one or several low-weight
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molecules that are more sensitive to light irradiation are added. They form initiating species
of radicals or cations by absorbing photons. Such small molecules are called photoinitiators.
Therefore the polymerization process consists of several steps:
• (i) photoinitiation;
• (ii) chain propagation;
• (iii) termination.
The production of active species that attack monomers or oligomers is called photoinitia-
tion, the most important step in photo-polymerization [55]:
I hν−→ I∗→ R · photoinitiation,
where symbols denote photoinitiator I, radical R· and I∗, an intermediate state of the pho-
toinitiator after absorbing a photon. Therefore the polymerization process is more precisely
described by the following equation:
R ·+M −→ RM· M−→ RMM · · · · −→ RMn chain propagation,
where M is the monomer or oligomer unit and Mn is the macromolecule containing n
monomer units. The photoproduced radicals react with monomers or oligomers, producing
monomer radicals, which combine with new monomers, and so on. The monomer radicals
expand in a chain reaction, until two radicals meet with each other. This chain propagation
stops in either of the following channels:
RMn ·+RMm· −→ RMm+nR
termination
RMn ·+RMm· −→ RMn+RMm.
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2.2.2.2 Two-photon polymerization
A promising microfabrication method that has recently attracted considerable attention is
based on TPP with ultrashort laser pulses. When focused into the volume of a photosensitive
material (or photoresist), the pulses initiate TPP via TPA and subsequent polymerization [59].
After illumination of the desired structures inside the photoresist volume and subsequent
development, e.g., washing out the non-illuminated regions, the polymerized material remains
in the prescribed 3D form.
Selection rules for single-photon and two-photon excitation (TPE) are different; however,
most resins that polymerize under UV exposure can undergo similar reactions when two
photons are absorbed simultaneously (two-photon photo-polymerization), provided that the
light intensity is large enough [60, 61].
Electron excitations that need absorbance of two-photon energy can occur stepwise or
simultaneously [62]. Stepwise absorbance relies on the existence of a real intermediate state,
from which an excited population is further pumped to a higher energy level by absorbing
photons of the same energy as the ground state (excited state absorption). Such a process,
although on some occasions also called TPA, is better termed as stepwise absorption, or
stepwise TPA to avoid confusion. Compared to simultaneous TPA, stepwise TPA does not
require coherence of the incident light, and may be considered as two sequential single
photon absorptions.
Simultaneous TPA, most generally referred to TPA, is a quantum mechanical three-body
process, where an electron absorbs two photons simultaneously to transcend the energy gap
in one excitation event [60, 63]. An intuitive physical scenario is, as light passes through a
molecule, a virtual state is formed when the first photon is absorbed. It persists for a very
short duration, which contrasts with the long lifetime of the actual intermediate energy level
in stepwise absorption. TPA can result if the second photon arrives before the decay of
this virtual state. If the energy of the two photons are identical, the process is referred as
degenerate TPA, otherwise, the process is a non-degenerate one [55].
2.2 Three-dimensional micro-fabrication techniques 23
TPA can be utilized for inducing photo-polymerization. The difference between one-
photon and two-photon induced photo-polymerization lies in how the energy for activating
initiators is provided. In the case of TPA photo-polymerization, initiators are excited to triplet
states by absorbing combined two-photon energy.
Two-photon photo-polymerization applied in the fabrication of three-dimensional struc-
tures has unique merits [55]:
• First of all, it has intrinsic ability to produce 3D structures. In addition, the long
wavelength chosen for TPA has less absorption and less scattering, which gives rise
to the deep penetration of light. The use of ultrashort pulses can start intense nonlin-
ear processes at relatively low average power, without thermally damaging the samples.
• The small cross section of the TPA increases the resolution.
• The two-photon photo-polymerization system resembles a laser scanning microscope,
which does not need vacuum condition for operation. The system is easy to operate
and maintain.
• No mask or stamp is needed for fabrication. It directly converts computer-designed
patterns into structures. The rapid turnaround time for fabrication allows one to quickly
iterate and modify design.
Molecules of large TPA cross-section are very important for the broad application of two-
photon photo-polymerization technology. The large TPA cross-section would open up a
large dynamic power range for tailoring microstructure dimensions by power control. Polar
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molecules were found to have a large change of dipole moment (∆µ > 10D) upon excitation
from ground state to excited state.
2.2.3 Direct laser writing
TPP is a commonly used 3D DLW technique to fabricate 3D low-n polymer photonic devices
with sub-micron resolution. The DLW technique has the ability to create arbitrary-shaped
3D nanostructures and microstructures, with resolutions as small as 68 nm, and is a powerful
technology for many fields of research [16, 64–66].
For TPP, a femtosecond (fs) pulsed laser beam is focused into the photoresist by a high
numerical aperture (NA) objective lens. The photoresist absorbs the energy and initiates
the polymerisation. As light absorption of the photoresist at the focal spot is a two-photon
absorption process, the polymerisation occurs only within the focal volume of the laser
beam. By moving the focal spot, arbitrary 3D structures can be fabricated. TPP provides the
ability to fabricate 3D arbitrary structures with a resolution higher than that of single-photon
polymerisation with light at the same wavelength and size down to tens of nanometres.
Fig. 2.1 a, An isolated and complete voxel, the 3D image of two-photon excitation related
focal spot, and b exposure time-dependent lateral and longitudinal voxel size. Modified
figure from [55].
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The DLW method typically uses an ultrafast laser (fs or picoseconds lasers) [16]. However
a recent report has shown sub-micron resolution from DLW with continuous wave lasers
in certain materials. The laser source is tightly focused to a diffraction limited focal spot,
using a high NA objective lens, forming an ultrahigh intensity of light. The sample, which
contains a photoresist that is transparent at the wavelength of operation, is placed at the
focal spot. The transparency is critical for the ability to write 3D structures, as it allows the
laser to pass through the entire photo-resist without attenuation. However, due to the very
high intensity supplied by the tight focussing condition, nonlinear processes such as TPA
occur [63], which triggers reactions such as photo-polymerisation [55], micro-explosion or
even photo-reduction of metals [67]. Due to the nonlinearity of these photo-reactions, the
reaction can only take place at the centre of the focal spot where the intensity is highest,
leaving the surrounding material relatively unmodified. The sample is then moved using a
3D nano-translation stage and the focal spot drawn through the sample tracing out the desired
3D design. In the case of a negative polymer photoresist, after the DLW has completed, the
sample is then rinsed with a solvent, to remove the unwritten material, leaving behind only
regions where the focal spot has traced through and caused photo-polymerisation to occur.
Whilst in theory arbitrarily shaped microstructures can be written using DLW, there are
two practical limitations of this method:
• Firstly, the 3D voxel (or pixel) that is traced out to form the microstructure has a
limitation on its size. The maximum resolution that is achievable is dependent on the
photoresist and wavelength of operation. The reason for the unequal sizes in the lateral
and vertical axes of the voxel is due to the unavoidable elongation of the diffraction
limited focal spot. When using commercially available polymer photoresists such as
IP-L, Ormocer and SU-8, the smallest voxel size that can be produced is typically
around 100 nm in the lateral direction and 300 nm in the vertical direction [68].
This cross sectional elongation is approximated to have an aspect ratio of 3 : 1 (axial
resolution relative to the lateral resolution) and leads to a breaking of the symmetry of
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the fabricated structures ( Fig. 2.1 ). In high-n materials such as chalcogenide glass,
the diffraction limited focal spot is even more elongated, and can even become worse
when spherical or birefringent aberrations are introduced [69]. This limitation can
affect the quality of the structures fabricated with a DLW system.
• The second practical limitation as with any 3D structure is structural integrity. An
important feature of any photoresist is the mechanical strength and lack of distortions
such as shrinkage. As well as the material dependence, the design of the 3D structure,
must take into account these mechanical requirements and it is quite common for
microstructures to be fabricated with square or circular frames to support the structure.
2.2.3.1 Galvo-dithered direct laser writing
A few methods have been created to partly recover from the asymmetry due to the elongation
of the focal spot. For example, apodisation filters known as shaded-ring-filters have been
shown to improve the axial resolution of the focal spot by around 20% but with the disad-
vantage of losing significant laser power and forming side-bands [71, 72]. Alternatively the
multi-line write method can be used [19, 73]. In this case the rods of the 3D microstructure
are written multiple times, each displaced laterally by a small amount. The net effect is
a widening of the rods in the lateral direction, reducing the cross sectional aspect ratio.
However, this method is inefficient and increases the fabrication time by a factor of 3-5
depending on the number of lines written. In addition, specific materials that do not have
significant proximity effect must be carefully chosen to avoid over-polymerisation during
this process [4].
The method considered in this thesis and discussed in detail in this chapter is the galvo-
dithered direct laser writing (GD-DLW) method [16]. This fabrication method uses a
galvo-mirror and 4f imaging system to trace the focal spot in a circular motion within the
focal plane. A schematic of an experimental setup for the GD-DLW is shown in Fig. 2.2.
The radius of the dithered correction is comparable to the voxel resolution and is performed
2.2 Three-dimensional micro-fabrication techniques 27
Fig. 2.2 The GD-DLW setup consists of illumination with a femtosecond fibre laser operating
at a wavelength of 532 nm, with a pulse width of 270 fs and repetition rate of 50 MHz.
Directly after the laser there is a spatial filter. The power of the laser beam is controlled
electronically using a power controller system (LPC, Brockton Electro-Optics Corp) that
operates using a fast liquid crystal and linear polariser to attenuate light. The power controller
system also acts as a noise filter, reducing power fluctuations from the laser source up to 1
kHz. A mechanical shutter is used to control the light exposure during fabrication. The most
important addition to the GD-DLW setup is the introduction of a 2D computer-controlled
galvo-mirror, an electromechanical instrument that senses electric current by deflecting a
light beam with a mirror. Using the galvo-mirror, the laser beam is steered using a 4-f
imaging system into a oil immersion objective (100X, 1.4 N.A., Olympus). A piezoelectric
nano- translation stage (P563.3CD with an E712 controller, Physik Instrumente) is used to
trace out the microstructures in the photoresist on the sample. Image adapted from [70].
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Fig. 2.3 a) Illustration of the circular dithered correction applied by the galvo mirrors. b)
Effect of the galvo-dithered correction on the fabrication voxel greatly reducing the aspect
ratio.
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at very high speeds compared to the fabrication speed. This causes the fabrication voxel to
become shorter in the Z direction (i.e. ZGD < ZDLW ), improving the overall resolution of the
3D fabrication method and leading to a correction of the voxel asymmetry ( Fig. 2.3).
2.2.3.2 Experimental results
In this section we show the experimental advantages of the b GD-DLW method.
First, the use of galvo-dithered correction clearly shows that one can greatly improve
the mechanical integrity of microstructures and the resolution. Figure2.4 shows a scanning
electron microscope (SEM) image of an array of microstructures at different fabrication
conditions. Each microstructure contains a rectangular 10×10×3 array of unit cells with
unit cell size 1.2 µm. Vertically the laser power (P) used to illuminate the sample is varied
and horizontally the galvo-dithered amplitude (A) is varied, which is proportional to the
voltage applied to the galvo mirrors. The SEM image shows that even the lowest laser P of
0.60 mW can lead to a mechanically stable structure if a proper A is applied.
Moreover, Fig. 2.4 shows the dependence of the rod size and shape on the galvo-dithered
amplitude, proving that the GD-DLW is able to rectify the asymmetry of the fabrication
voxel.
In the next section we will give an overview on gyroids, and particular emphasis is placed
on gyroid PhCs, the bio-inspired structures that are the starting point for the realisation of
photonic type I WPs and therefore will be focus of this thesis.
2.3 Gyroids
Three dimensional PhCs of a variety of lattices including woodpile [4], diamond [74], and
gyroid structures [47], are a useful component in the development of novel optical devices
capable of manipulating photons in all directions, due to their ability to form unique dispersive
properties across all three spatial dimensions [2].
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Fig. 2.4 SEM image of srs-networks fabricated using GD-DLW in the IP-L photoresist
demonstrating the beneficial effects of the galvo-dithered correction on the mechanical
strength. For the lowest laser powers of P = 0.60 mW, when standard DLW is used (i.e. A =
0) the polymerisation is not strong enough to mechanically sustain the 3D microstructure,
causing it to collapse and wash away during the rinsing procedure. As the power is increased
to P = 0.70 mW polymerisation becomes stronger and the filling fraction of the polymer is
increased, leading to improved mechanical stability. Image adapted from [16].
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Fig. 2.5 The effect of the galvo-dithered amplitude (A) on the rod width and height (∆XGD
and ∆ZGD respectively). Image adapted from [16].
Among all the possible lattices, the unique geometrical properties exhibited by the gyroid
surface and its related morphologies ensure gyroid structured materials are a particularly
fascinating case study of the complex relationship between morphology and optical properties
and host a rich variety of optical and topological phenomena, such as WPs.
In what follows, we will introduce gyroids and their applications in photonics and
topological photonics.
2.3.1 Biological inspiration
Gyroids have been found in biological systems as complex, mesoscopic, self assembled,
chitin structures [75–77]. In nature, the colour of an animal’s body is due to the spectrally
selective reflection of the incident light [78]. The reflectance spectrum of the body can be
determined by the presence of absorbing pigments, and/or by sub-micrometre structural
variations causing interference, diffraction or scattering. In the first case, the colours are
referred to as pigmentary (chemical) colours and, in the second case, as structural (physical)
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Fig. 2.6 Biological gyroids, here in wing scales of the butterfly Callophrys rubi and scanning
electron micrographs of its wing scale.
colours [47, 79]. If the structural variations are periodic with a periodicity of the order of the
wavelength of visible light, then they are often called biological PhCs.
3D PhCs are found in the eyes of shrews [80] and in the scales of weevils [75] and
butterflies [76, 77]. Several of the 3D cuticular structures in the lycaenid and papilionid
species (Fig. 2.6), including C. rubi, C. remus, P. sesostris and T. imperialis, can actually be
modelled by a gyroid structure, a bicontinuous triply periodic structure. In the wings of these
butterfly species, the gyroid structures have two unequal continuous subvolumes, the largest
one filled with air and the smallest one filled with cuticle, [81] and as it has been shown in
[34], the chirality of biological gyroids causes circular dichroic effects, that may relate to
insect communication.
Moreover, the mitochondria located at the inner segment of the retinal cones of tree
shrew (Tupaia glis and Tupaia belangeri) contain unique patterns that can be described as
gyroids [80]. Numerical simulations demonstrate that such multi-layer gyroid membrane
arrangements in the retinal cones of a tree shrew’s eye can potentially function as multi-focal
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lens, angle-independent interference filters to block UV light and a waveguide photonic
crystal [80].
Gyroids, as most of the biomimetic designs, are naturally mechanically robust, as evo-
lution of selfassembly rarely leads to the development of mechanically unstable structures.
Along with their superb mechanical properties, gyroids also contain interesting geomet-
rical features such as cubic symmetry and chirality, thus are great inspirations for new
meta-material design with peculiar optical properties [47, 82].
In the next section we will review in detail these properties.
2.3.2 Isosurfaces and srs-networks
A gyroid can be mathematically defined as an infinitely connected triply-periodic minimal
surface, which bisects space into a pair of 3D labyrinths, one left handed (LHD) and one
right handed (RHD) [46]. These channels resemble a spiral-like shape and are indeed chiral,
with left and right channels having opposing handedness. Thus the infinitely periodic gyroid
surface has zero net geometric chirality due to equal amounts of LHD and RHD curvature
[47].
Like some other triply periodic minimal surfaces, the gyroid surface, consisting of triple
junctions in a body-centred cubic (bcc) lattice, can be approximated by isosurfaces of:
g(r) = sin
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where a is the lattice constant.
The space group of a single gyroid is I4132 (no. 214), which lacks inversion symmetry
[46]. The channels of the gyroid structures lie along the edges of the so-called srs net, as
we can see in Fig. 2.8 . The srs-network is a cubic chiral network (with space group I4132)
and is named after the SrSi2 crystal. It is fully interconnected and has a 4-fold screw axis
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Fig. 2.7 1-srs network and constant mean curvature gyroid surface clipped to a truncated
octahedron. The chitin domain has a left handed three-screw along [111] and a right handed
four-screw along [100], perpendicular to the truncated octahedron’s faces. Modified figure
from [82].
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Fig. 2.8 Schematic representation of one, two, four and eight like-handed srs-networks.The
lattice system and the space group are specified for each structure. Modified figure from [82].
along [100] and a 3-fold screw axis of opposite handedness along [111]. The srs-network
is the simplest cubic chiral network from a topological point of view (i.e. it has the highest
degree of symmetry). Due to the cubic symmetry of the net, the 4-fold screw axis can be
observed whilst looking at the srs-network along all three Cartesian axes (i.e. X, Y and Z).
Therefore, unlike a structure consisting of a square array of helices (spirals), the srs-network
has the possibility to exhibit chiral-optical effects such as circular polarisation sensitivity
in multiple directions, with possible isotropic properties as well. As well as the advantages
of cubic symmetry for multi-directional physical phenomena, cubic symmetry provides the
complex 3D structure with mechanical integrity [22, 83].
The srs-networks are excellent photonic structures for the development of unique 3D cubic
chiral photonic microstructures for PhCs and metamaterials applications. Geometrically,
it is possible to intertwine with one another two, three, four, eight or more like-handed
srs-networks without intersection. These networks intertwine with each other (i.e. they do
not intersect at any point in space) and form chiral composites, new materials based on a
combination of chiral constituents with differing chiral-optical properties as discussed in
[48].
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2.4 Gyroid photonic crystals
Gyroid PhCs are materials in which the n is periodically modulated in three dimensions
according to the I4132 space symmetry, and for which the characteristic length scale of such
variations is comparable to the wavelength of visible light.
In the past 18 years, many different strategies for the realisation of artificial gyroids
PhCs have been developed. In 1999 the fabrication of 3D gyroid PCs was achieved via the
synthesis of di-block copolymers in the gyroid morphology [84]. In 2002, the same group
were able to increase the size of the gyroid structure to periods of about 250 nm by modifying
the molecular weight of the polymers thus altering the self-assembly process in which the
gyroid structure is formed [85]. In addition, the so-called top-down assembly methods have
continued to improve, and another route to gyroid PhCs has become available. Interference
lithography was used to create 3D structures, including the gyroid, through the superposition
of coherent light in a photosensitive polymer [86–88]. Alternatively, direct laser writing
was used to create structures of arbitrary complexity in a photosensitive polymer by the
translation of a focal spot in three dimensions [89, 90]. This technique has recently been
used with great success by Gan et al. [58] to create gyroid PhCs operating in the near-UV
regime.
2.4.1 Mechanical properties
The successful use of gyroid PhCs in devices requires a knowledge of the mechanical
properties of such gyroid lattices. These properties (for example stiffness, strength and
fracture toughness) depend upon the gyroidal geometry but also upon the material, the
relative density (density of the lattice/density of the solid) and the filling fraction.
In what follows we briefly summarize the work of Kaderi et al. [91] on the mechanical
properties of gyroids.
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• Gyroids are bending-dominated in their elasto-plastic response to all loading states
except for hydrostatic: under a hydrostatic stress they exhibit stretching-dominated
behaviour.
• The elastic and shear modulus scale quadratically with the relative density of the
lattice.
• The bulk modulus scales linearly.
• The hydrostatic modulus and strength are imperfection sensitive.
• The yield surface of the perfect and imperfect gyroid has been determined for a broad
range of stress states. A small geometric imperfection reduces the hydrostatic strength
to a value comparable with the uniaxial strength.
• The lattice can sustain a relatively large temperature excursion and swelling strain
without inducing yield, when compared to a solid film made from the same material.
2.4.2 Photonic bandgap
Optical properties of gyroids could vary with tuning of the size of the unit cell, and spatial
symmetry, as well as n contrast and filling fraction. Gyroid PhCs, when designed with high-n
and proper fill fraction, are predicted to possess among the widest complete 3D bandgaps,
making them interesting for potential device applications such as broadband filters and optical
cavities [92].
As the gyroid and srs-networks are 3D periodic structures, the electromagnetic eigen-
modes within these periodic structures are periodic Bloch modes. If the gyroid structure is
made of materials with significant dielectric contrast, photonic bandgaps (PBG) can arise.
A complete PBG is a frequency window within which a material, by virtue of its structure,
supports no modes for all possible propagation directions of the electromagnetic field. The
periodic variation in n for the propagation of light is analogous to a periodic variation in
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Fig. 2.9 Numerically simulated band structures of gyroid with n = 1.5 (a), and n = 2.5 (b).
The complete photonic bandgap is highlighted in yellow. In both cases the environment is air
n = 1.
potential for an electron propagating through a semiconductor crystal. Whereas the crystal
lattice of the semiconductor affects the existence and properties of its electronic bandgap, the
manner in which the n is varied spatially in a PhC determines the existence and properties of
the optical equivalent, the PBG.
Bandgaps can be divided into two types: complete and partial. When the PhC may allow
light propagation in some directions or for certain polarisations we define a partial bandgap
or stop band (Fig. 2.9a), while when propagation is inhibited for any direction or polarisation
state of light the PBG is defined as complete (Fig. 2.9b).
Gyroids fulfil the basic requirements for a dielectric network structure to exhibit a PBG:
the modulation of the dielectric constant in all three principal directions, and a high symmetry
of the structure. Gyroids are in fact structures with an approximately spherical Brillouin
zone) [47]. Moreover, the cubic symmetry ensures that the optical properties are identical
along any set of three orthogonal directions.
In what follows, we will introduce some concepts that will help us to understand how
such materials can afford us complete control over light propagation.
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2.4.3 Chirality
Gyroid PhCs are chiral networks with cubic symmetry, exhibiting identical chiral-optical
properties along all three Cartesian axes [16, 83]. Chirality is a type of asymmetry whose
name derives from the Greek word kheir meaning hand. A chiral object is one whose mirror
image cannot be translated or rotated back on itself. In other words, an object that is chiral is
one whose mirror image is different from itself. An object that does not possess chirality, has
mirror symmetry and thus is an achiral object. An example of a 2D chiral object is the human
hand, and hence the relationship to the Greek word kheir. However, a 2D chiral object can be
converted to its mirror image if it is rotated 180◦ around the mirror axis. On the other hand,
a 3D chiral object cannot be mapped onto itself no matter what 3D translation or 3D rotation
is performed on it.
In nature, chirality causes circular dichroic effects, that may relate to camuflage [93],
and insect communication [94], because, in contrast to human vision, many arthropods
can discriminate different polarisations of light. Chiral geometries were first introduced to
man-made PhCs with the demonstration of the complete PBG in spiral PhCs. However, these
chiral nanophotonic designs typically have only uniaxial chirality and are highly anisotropic,
greatly limiting their potential applications.
The development of novel photonic structures providing complete 3D control of chirality
is important for the advancement of photonic devices in a broad range of applications
[5, 26, 95]. In general, chiral metamaterials offer a unique route to meet the challenge of
achieving a negative n for (one) circular polarization [96]. The control of circular dichroism
(CD) and electromagnetic rotations by chiral metamaterials has led to important applications
for birefringence [97].
When geometrical asymmetries such as chirality are introduced into a PhC, the photonic
structure becomes highly sensitive to the polarisation of light. Optical activity (OA) and CD
are two chiral-optical phenomena that arise from the intrinsic chirality of the structure, and
therefore in gyroid PhCs [22, 83]. In the following sections we will define these concepts.
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2.4.3.1 Optical activity
Optical activity (OA) is a physical phenomenon related to the rotation of polarisation in a
chiral medium. OA occurs when the n of left (LCP) and right (RCP) circularly polarised
light, nLCP and nRCP, respectively are not equal. In this work, we define OA as the phase
difference for a respective incoming LCP(+) or RCP(−) plane wave [48]:
OAs =
Φ(s)+ −Φ(s)−
2
;
with s±= t± or s±= r± the complex scattering amplitudes and eiΦ(s)± = s±|s±| .
This means the material is able to differentiate (discriminate) between LCP and RCP.
The effect of this n difference is to rotate the polarisation of light when propagating through
the quartz crystal or other optically active media. Note that a linearly polarised wave can be
broken up as the sum of a LHD and a RHD circularly polarised wave. When this linearly
polarised wave passes through an optically active media (of length L), one of the circular
polarisation wave picks up an extra phase relative to the other. Assuming that the amplitudes
of both waves are equal after passing through the crystal (i.e. there is no CD), the output beam
is again linearly polarised but now rotated at an angle. Quartz has a relatively strong OA and
today one can purchase quartz-based polarisation rotators that utilise the OA of the chiral
media. The optical rotation from these chiral materials is analogous to the Faraday effect
(also known as magneto-optical rotation), which occurs when a magnetic field is applied to a
material. However, unlike the Faraday effect which is non-reciprocal, optically active media
do possess reciprocity.
A necessary, but not sufficient, condition for OA in crystalline structures is the lack
of a centre of symmetry. This lack of a centre of symmetry is often used as the basis for
defining chirality, and, conversely, chirality is often associated with OA. However, there
exist three crystal classes without a centre of symmetry (crystal classes 26, 27, 29) that do
not support OA, hence a lack of a centre of symmetry is not sufficient condition for OA.
Note that optically active media have the capability of rotating the plane of polarization, as
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linearly polarized light passes through the media, a practical effect used by the wine grower
to estimate the sugar content in his grapes [98].
2.4.3.2 Circular dichroism
CD is a physical phenomenon related to the discrimination in transmission of circularly
polarised light in a chiral medium. However, where OA is related to the n of a material, CD
is related to the absorption.
In this work, we define CD as the relative difference in absolute values between the
complex scattering amplitudes s± = t± or s± = r±, respectively, for a respective incoming
LCP(+) or RCP(-) plane wave[48]:
CDs =
|s+|− |s−|
|s+|+ |s−| ;
where eiΦ
(s)
± = s±|s±| .
CD was discovered in amethyst quartz crystals by Wilhelm Haidinger in 1847. In this
case the chiral crystal had different absorption coefficients depending if it was illuminated
with LHD or RHD circularly polarised light. CD spectroscopy is preferred over optical rotary
dispersion as it typically has more well defined spectral features due to the sharp cut-offs
of the CD absorption bands. Other applications CD include polymer and pharmaceutical
compound characterisation.
2.5 Fabrication of gyroid photonic crystals
In this section we demonstrate the advantages of GD-DLW method over the traditional
DLW, fabricating srs networks, structures obtained by intergrowth one or more srs networks
[83, 99].
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2.5.1 srs networks
The srs network is the skeletal graph of the gyroid surface, i. e., a straight-edge three-
valent network tracing the center lines of the gyroid’s channels that possess four-fold screw
symmetry. For these complex 3D structures, the DLW offers unparalleled flexibility while
maintaining precision and speed.
Filling the space with a different number of srs networks intergrown of equal or opposite
handedness allows the engineering of the associated optical properties. The work done on
2- and 4-srs networks shows how these optical properties can be manipulated through a
clever rearrangement of chiral composites [22, 83]. Another chiral composite of the srs
network, is the 8-srs. This geometry is formed from the intergrowth of eight individual
chiral srs networks of same handedness. Unlike the other srs composites, 8-srs networks
have been predicted to possess strong OA comparable to metallic metamaterials, and also
to be free from CD due to their four-fold rotational symmetry [83]. These networks have
cubic symmetry, exhibiting identical chiral-optical properties along all three Cartesian axes,
inspiring the development of photonic devices beyond the basic unidirectional polarization
filters.
8-srs PhCs have recently been fabricated using an adaptive optics enhanced DLW system
[99], and have been shown to possess strong OA [83, 99]. However, PhCs have been
fabricated using a nonspherical focal spot (the vertical dimension of the writing laser beam is
three times greater than the horizontal one), therefore the structures are highly asymmetric.
2.5.2 Experimental results
In order to rectify the asymmetry of the fabrication voxel of the DLW, we exploit GD-DLW to
fabricate 3D networks with cubic symmetry that retain their symmetry during the fabrication
process.
The DLW of the 3D microstructures starts by writing first the top unit cell layer, to
ensure that the laser passes through an homogeneous material, since we are using a writing
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Fig. 2.10 Scanning electron microscopy images of 1-srs PhCs realized via DLW without
(left) and with (right) galvo-dithered correction.
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configuration with the photoresist attached on the bottom side of the coverslip. The bottom
layer is intentionally written at 3µm below the glass-polymer interface. This ensures that
microstructure will be attached to the glass coverslip over the entire area of the microstructure.
Failing to do this procedure may result in the microstructure being written above the surface,
leading to the washing away of the microstructure during the wash out process. After the
GD-DLW procedure, the sample is rinsed in solvent for 60 minutes and then dried at room
temperature.
Figure 2.10 compares 1-srs PhCs realized via DLW without (left) and with (right) galvo-
dithered correction. Interestingly, the use of galvo-dithered clearly shows that it is posible to
greatly improve the cubic symmetry of the gyroids and also the mechanical integrity.
In Fig. 2.11 we present the results of the GD-DLW fabrication of the different srs
PhCs. The fabricated polymer PhCs replicates the expected topology excellently with high
uniformity, minimal distortion and no noticeable shrinkage, demonstrating the high quality
of the GD-DLW method and more importantly the mechanical stability of the design (Fig.
2.12).
The unique geometry and the complex relationship between morphology and optical
properties exhibited by the gyroid morphologies are the reasons why these materials are a
particularly fascinating case study. Recently, it was shown that gyroid PhCs can serve as a
platform for realizing a topological photonic phase, the WP phase [26, 29, 98]. Topological
PhCs arouse interest in photonic as a potential solution to losses and scattering in photonic
integrated circuits. In conventional PhCs, imperfections, structural disorders, and surface
roughness lead to significant losses. On the other hand, topological PhCs can serve as
a platform for realizing a scatter-free propagation of light waves. The breakthrough in
overcoming these problems is likely to come from the synergy of the topological PhCs and
silicon-based photonics technology that enables high integration density, lossless propagation,
and immunity to fabrication imperfections.
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Fig. 2.11 Scanning electron microscopy images of different srs-networks fabricated using
GD-DLW: 1-srs (a), achiral 2-srs fabricated along [-101] (b), achiral 2-srs fabricated along
[100] (c) and 8-srs (d).
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Fig. 2.12 Scanning electron microscopy images of 8-srs PhCs realized via DLW without
(left) and with (right) galvo-dithered correction.
In what follows we will define topology and give a brief review of the origin and evolution
of the topological photonics field.
2.6 Electronic topological states
2.6.1 Topology
Topology is the mathematics that studies properties of space that are preserved under continu-
ous deformations (like stretching and bending, but not tearing or gluing) [98]. To understand
what actually is topology and the difference with geometry we can consider the six objects
in Fig. 2.13, and the fact that they all have different geometries. Geometry describes the
local properties and therefore the differences between the six objects. However, there are
only three different topologies, for example the sphere and the red blob are topologically
equivalent because they both have no holes and one can be continously deformed into the
other. From this example we can understand that topology describes global properties of a
system, like the number of holes.
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Fig. 2.13 Topology vs. geometry. Representation of six objects of different geometries. They
can be grouped into three pairs of topologies. Each pair has the same topological invariant,
known as its genus, that corresponds to the number of holes in the object.
Different topologies can be mathematically characterized by integers called topological
invariants (TIs), quantities that remain constant under arbitrary continuous deformations
of the system (Fig. 2.14) and therefore resistant to local defects. TIs cannot change when
surfaces are deformed, so long as they are not punctured or otherwise destroyed. The
archetypical example of a TI is the genus (g), the number of holes in a surface ( Fig. 2.13).
Only when a hole is created or removed in the object does the topological invariant change.
This process is known as a topological phase transition.
2.6.2 Topological protection in physics and topological invariants
When a TI is associated with a system, all the properties linked to the TI are said to be
topologically protected.
The idea of topological protection can be explained with an example. Imagine that you
want to send a message to a friend, and you have at your disposal some strips of paper.
Simply writing the message on the strips of paper and send them to the friend is not a very
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Fig. 2.14 Continuous transformation. A donut can be deformed into a coffee cup without
changing the number of holes; in fact, these two surfaces are topologically equivalent.
safe method because the message could easily get partly erased during transit, or altered
by environmental noise. One interesting option to preserve the message from damage is
converting it to numbers, and convert those numbers to binary numbers. At this point the
binary code can be converted into paper strips: if the digit is a 0, the strip is glued into a loop,
and if the digit is a 1, the strip is glued into a loop, but including a twist, a Moebius strip, as
shown in Fig. 2.13. In this way, by sending these loops of paper in order, it is possible to
deliver the message robustly by encoding the information in topological properties of the
paper rather than local. In this example the number of twists is the TI associated with the
system.
The message in this way is protected against environmental noise, because there is no
way to add or remove the twist from a Moebius strip without completely cutting through the
paper. Small defects in the paper, or marks on it, do not change whether there is a twist or not,
and so they will not affect the message. Whether there is a twist or not is called a topological
property of the loop. This idea has many applications. In particular, it may be important for
developing the quantum computer. In order to work, quantum computers need to put their
component bits into a delicate quantum superposition state. Such states are very vulnerable
to environmental noise. But if we could use topological properties of matter, rather than local
ones, to encode our quantum information, this would improve our chances of getting the
computation done before the message gets spoiled.
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Fig. 2.15 Simple stip (left) and Moebius strip (right).
Fig. 2.16 a) Schematic of the 1D edge states in a 2D topological insulator. The red and blue
curves represent the edge current with opposite spin character. (b) Schematic of the 2D
surface states in a 3D topological insulator. Image adapted from [100].
In the next section we follow a more rigorous approch to explain how the concept of
topological protection applies to physical systems examining some electronic topological
states.
2.6.3 Development of the topological field in solid state
A recurring theme in condensed-matter physics has been the discovery and classification
of distinctive phases of matter, related to the momentum-space topology of the electronic
band structure of solid crystalline materials. Often, phases can be understood using Landau’s
approach, which characterizes states in terms of underlying symmetries that are spontaneously
broken. Over the past 30 years, the study of the quantum Hall effect has led to a different
classification paradigm based on the notion of topological order (Thouless et al. [98], 1982;
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Wen [101], 1995). The state responsible for the quantum Hall effect does not break any
symmetries, but it defines a topological phase in the sense that certain fundamental properties,
such as the quantized value of the Hall conductance and the number of gapless boundary
modes, are insensitive to smooth changes in material parameters and cannot change unless
the system passes through a quantum phase transition.
This new way of classifying physical phases led to the prediction [102, 103], and later
experimental confirmation of a new state of matter [104], based on the realization that the
spin-orbit interaction can lead to topological insulating electronic phases and called the
topological insulator. The two-dimensional 2D topological insulator is a quantum spin Hall
insulator, which is a close cousin of the integer quantum Hall state and the 3D topological
insulator (Fig. 2.16) is a state that supports novel spin-polarised 2D Dirac fermions on its
surface [101].
The topological insulator state comes about as the result of some form of interactions
within a material that has a Dirac point somewhere in its band structure (Fig. 2.17). To
describe topological insulators, Kane and Mele considered the spin-orbit interaction and
derived a model Hamiltonian with a term due solely to the spin-orbit coupling that opened a
gap at the Dirac point [102, 103].
In this particular system, when the amount of graphene was finite, it was found that edge
states emerged in the gap caused by the spin-orbit interaction, which were protected by what
is called a Z2 topological invariant. Kane and Mele’s Z2 invariant is a property of the edge
states, as it is calculated by integrating an expectation value of a particular operator on the
edge states over all of k-space; thus, if the Z2 invariant does not change, then the edge states
survive. The Z2 simply refers to the fact that the integral evaluates to either 0 or 1. This idea
of a topological quantity protecting the edge states of system has had a profound effect on the
condensed matter community. Many other systems have subsequently been discovered that
display topological protection, from topological insulators to topological superconductors
and even to other systems in photonics [101].
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Fig. 2.17 Bulk band structure of graphene, a two-dimensional hexagonal lattice of carbon
atoms (no surface states shown) and the first material shown to have topologically-protected
edges states. Note the Dirac points (in the insert) on the vertices of the hexagons in k-space.
A Dirac point is a location in the band structure where two bands meet at a point, and around
that point they are locally linear. The presence of Dirac points is actually one of the key
features of graphene. Image adapted from [105].
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In topological insulators, the topological invariant that protects the edge states is called a
Chern number (CN) and more specifically, the first CN:
C =
i
2π
∮
Brillouin Zone
d2κ∇×⟨uκ |∇κ |uκ⟩ , (2.1)
where ⟨uκ | is the Bloch wave function, ⟨uκ |∇κ |uκ⟩ is the Berry phase and ∇×⟨uκ |∇κ |uκ⟩ is
the Berry flux. CNs were first understood as important concepts in the Quantum Hall Effect
work of the 1980’s, given by Thouless, Kohmoto, Nightingale and den Nijs (the TKNN
invariant) [106].
The surface states of a topological insulator lead to a conducting state with properties
unlike any other known one-dimensional (1D) or 2D electronic systems. We can interpret
these as superconducting surface electrons, keeping in mind that this effect is not supercon-
ductivity in the conventional sense. There are no Cooper pairs nor expulsion of magnetic
field lines; the only feature that topological insulators share with superconductors is that they
can support dissipationless currents. Superconductors must be kept very cold to maintain
their superconducting properties. However, topological insulators have no inherent restric-
tions on their temperatures, and are a very promising avenue for realizing room-temperature
superconductivity.
Very recent work has shown that certain special types of gapless band structures can in
fact also be topologically nontrivial and give rise to robust gapless surface states [107, 108].
Gapless topologically-nontrivial band structures are a novel phase of matter, that emerge from
the interplay of electron correlations and strong spin-orbit interactions. It is characterized by
the presence of point (Weyl Semimetal) [109], or line nodes (Line Node Semimetal) [108],
which are points or lines in the 3D momentum space, at which two distinct bands touch each
other accidentally (Fig. 2.19).
While such accidental band-touchings have been known to exist and studied since the
early days of the band theory of solids, only much more recently have their nontrivial
topological properties been noticed and their significance appreciated, starting, in particular,
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Fig. 2.18 Band structure of a topological insulator. The surface states connect the valence
band to the conduction band of the material, and it is clear that without them we would have
just the band structure of a usual insulator (a band gap). Note as well that each surface state
corresponds to a certain electron spin: spin-up for one of the bands, and spin-down for the
other. Image adapted from [101].
with the pioneering work of Volovik [110]. This phase has linearly dispersing excitations at
the chemical potential, analogous to graphene but occurs inside a fully three dimensional
magnetic solid.
Both point and line-node semimetals are characterised by protected surface states [110].
These are especially robust in the case of Weyl semimetal. The edge states in this case
are chiral quantum Hall edge states, their chiral character making them robust even to
hybridization of the bulk Dirac points [108]. In addition to their fundamental interest, these
states are predicted to have special properties that could be useful for applications ranging
from spintronics to quantum computation [101].
In what follows we will introduce more in detail WPs and review the recent advances in
the realisation and the study of these systems.
2.6.4 Weyl equation and Weyl points
Paul Dirac in 1928 derived the homonymous relativistic wave equation for free electrons
[112], taking into account for the first time both special relativity and quantum mechanics,
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Fig. 2.19 A topological Dirac semi-metal state is realized at the critical point in the phase
transition from a normal insulator to a topological insulator. The + and − signs denote the
even and odd parity of the energy bands. Image adapted from [111].
h¯γµ∂µΦ−mcΦ= 0,
where Φ=Φ(x, t) is the wave function for the electron of rest mass m with spacetime
coordinates x, t, c is the speed of light, and h¯ is the Planck constant divided by 2π . There is
an implied summation over the values of the twice-repeated index µ = 0,1,2,3, the ∂µ is the
4-gradient, and the γ matrices can be written in terms of 2×2 sub-matrices taken from the
Pauli matrices. The Dirac equation describes all spin 1/2 massive particles such as electrons
and quarks for which parity is a symmetry. The equation also allows positive and negative
energy solutions, therefore implies the existence of a new form of matter, the antimatter,
which was experimentally confirmed several years later.
In the limit of zero mass, the Dirac equation reduces to the two component Weyl equation
[13], which was found one year later by Herman Weyl, a German mathematician and
philosopher,
σµ∂µΦ= 0,
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where σµ = (σ0,σ1,σ2,σ3) = (I2,σx,σy,σz) is a vector whose components are the 2×2
identity matrix for µ = 0 and the Pauli matrices forµ = 1,2,3, and Φ is the wavefunction.
The conservation of chirality breaks the four component description into two sectors that do
not mix. The equation can be written in terms of left and right handed spinors and the left
and right components correspond to the chirality of the particles.
The Weyl equation requires a particle to have linear dispersion relations between fre-
quency (energy) and wave vector (k), while being doubly degenerate at a single momentum
point. Such 3D linear point degeneracies between two bands are called Weyl points (WPs)
[13].
Now, we first point out one intriguing distinction between the 2D Dirac points and the
3D WPs. 2D Dirac points are unique linear dispersion point degeneracies in 2D periodic
systems [30], and each band is doubly degenerate (spin) and thus there are four states at the
nodes. Most of the remarkable properties of graphene are tied to the Dirac points at its Fermi
level. For example, sublattice symmetry and time reversal invariance in graphene results in
the conduction and valence band touching at two distinct points in the Brillouin zone. The
dispersion in the vicinity of these points is linear. In such a model strong spin-orbit scattering
will open up a gap, which leads to a topologically nontrivial insulating state. Such a state
has protected edge modes, reminiscent of the physics of the Quantum Hall effect [113]. 2D
Dirac cones are not robust; they are only protected by the product of time-reversal symmetry
(T) and parity (P) inversion. In two dimensions, the Dirac cone effective Hamiltonian takes
the form of H(k) = νxκxσx+νzκzσz , where νi are the group velocities and σi are the Pauli
matrices. This form is protected by PT (product of P and T), which requires H(k) to be
real. Thus, one can open a gap in this dispersion relation upon introducing a perturbation,
proportional to σy that is imaginary; for example, even an infinitesimal perturbation that
breaks just P or just T will open a gap.
In contrast, 3D WPs are topologically protected gapless dispersions robust against any
perturbation. In three dimensions, WP dispersions are governed by the Weyl Hamiltonian
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H(k) = νxκxσx + νyκyσy + νzκzσz [13]. The σy term can exist only when PT is broken;
indeed, this is a necessary condition for the existence of WPs. Because all three Pauli
matrices are used in the Hamiltonian, there is no possibility of constructing a term that can
open a gap in this two-band degeneracy of 3D periodic systems, thereby making a single WP
absolutely robust to perturbations. The only way to eliminate and create WPs is through pair-
annihilations and pair-generations of WPs of opposite chiralities, which typically requires
a strong perturbation. The chirality (c+1) of a WP can be defined as c = sgn(det
[
νi j
]
fot
H(κ) = κiνi jσ j. It can also be defined by the CN of a closed surface enclosing the single
WP in momentum space. WP of opposite chirality are separated in momentum space and are
connected only through the crystal boundary by an exotic non-closed surface state, the Fermi
arcs [31, 114, 115].
WP act as monopoles or anti-monopoles Berry flux in momentum space, and carry
chirality defined by the CN. Due to their topological nature, WPs are associated with
exotic phenomena including Fermi-arc-based quantum oscillations [116], unconventional
superconductivity [117], quantum anomalous Hall effect [118], as well as chiral anomalies
[119].
The search for Weyl particles began in 1928 and ended only in 2015, when Weyl semimet-
als were experimentally discovered in condensed matter [114]. In the same year photons
emerged as Weyl particles in a non-fermionic system, and WP, the signature of a Weyl
semimetals, were observed in the dispersion bands of gyroid PhCs [29].
2.6.5 Type I and type II Weyl points
The discovery of Weyl particles has potentially important technological implications. The
Weyl fermion carries charge like an electron, but has no mass. This peculiar transport property
can be applied with a lot of advantages in circuits. Weyl fermions move much faster than
electrons due to the absence of mass, and they do not interact and scatter as much thanks to
their chiral nature and spin properties. They are quasi particles which means that they can
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not exist in vacuum, like photons and electrons. They can only exist as patterns in certain
materials, like sound waves exist in gases and solids.
Generally, WPs present the following characteristics:
• linear crossing between two bands;
• topologically protected because the three Pauli matrices;
• acts as a source or sink of Berry curvature, carrying a quantized topological charge
CN =±1;
• under weak perturbations, a WP merely moves in momentum space; it can be elimi-
nated only via annihilation with a partner WP of opposite charge;
• at spatial boundaries, each such pair of WPs is associated with Fermi arc-like surface
states, whose isofrequency dispersion curves form open arcs connecting the projections
of the two WPs in the surface Brillouin zone.
We can distinguish two types of WPs: type I and type II. Type I WPs have velocities
of opposite sign for any momentum direction, and the Fermi surface consists of zero-
dimensional isolated points if the Fermi level is set at the energy of the Weyl nodes, and are
described by the type I Weyl Hamiltonian H(k) = νxκxσx+νyκyσy+νzκzσz [13].
On the other hand, type II WPs support new type of Weyl fermion, a low energy excitation,
that emerges at the boundary between electron and hole pockets in a new type of Weyl
semimetal phase of matter. The type II Weyl cone does not intersect the Fermi level at
a perpendicular angle but rather tilts, with the Fermi level making the level surface look
like a hyperbolic conic section. Type II WPs break the stringent Lorentz symmetry (the
symmetry that requires physical laws to be independent of the frame of reference, in which
they are observed). The symmetry can be broken so strongly that the Weyl cone tips over
transforming the equi-energy contours from elliptic to hyperbolic. A type II WP, although
still a protected crossing, has an open, finite-density of states Fermi surface, likely resulting in
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a plethora physical properties very different from those of standard point-like Fermi surface
WPs. Moreover, type II WPs can be the crossing between two bands that have the same sign
of velocity along a certain direction.
The topological protection guarantees the existence of Fermi arcs in type II WPs systems,
but there are limitations on the dimension of the system and the properties are direction-
dependent [31].
2.6.6 Weyl points in solid state physics
In solid state physic, a Weyl semimetal is a crystal which hosts Weyl fermions as emergent
quasiparticles and allows a topological classification that protects Fermi arc surface states
on the boundary of a bulk sample. Near the WPs, the bands and the low-energy excitations,
or quasiparticles, that can fill them, can be described by an equation that, in the simplest
scenario, is essentially identical to the Weyl equation. As a result, these touching points are
referred to as WPs and the quasiparticles near them are reminiscent of Weyl fermions.This
unusual electronic structure has deep analogies with particle physics and leads to unique
topological properties [120].
For a long while the community continued to focus on time-reversal-breaking materials
as candidates for Weyl semimetals. At the same time inversion-breaking Weyl materials were
relatively unexplored untill 2012, when Singh and collaborators discussed this possibility
[121]. The theoretical prediction of Weyl semimetal states in the TaAs class of compounds
was independently reported in 2015 by two groups [122, 123]. The experimental realization
of the first Weyl semimetal in TaAs followed soon after [124, 125]. Both bulk WP and
topological Fermi-arc surface states were directly reported by photoemission, providing a
topological proof [125].
The discovery of TaAs established a feasible materials method to search for new Weyl
semimetals that are more likely to be experimentally realizable. Shortly after TaAs, a number
of new Weyl semimetal candidates along the same line of thinking were proposed.
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2.7 Photonic topological states
Optics always played a crucial role in understanding the behaviour of topological states
of matter, and in 2005, Haldane and Raghu applied topological ideas to photonic systems,
proposing theoretically the photonic analogue of the quantum (anomalous) Hall effect in
photonic crystals [24]. Three years later, this idea was confirmed by Wang et al. [25], who
provided realistic material designs and experimental observations. These studies spurred
numerous subsequent theoretical and experimental investigations, paving the way to a whole
new research field [6, 7, 126]. In what follows we review the basic concepts and the
development of the field.
Here there is a summary of the unique characteristics of topological photonics and the
actual reasons why this field is exponentially growing [126]:
• Photons have no Fermi levels: the whole photonic band can be probed.
• Photonic structures can be tuned continuously to create any of the allowed bulk or
edge dispersions.
• Maxwell’s equations can be solved exactly: numerical calculations support real experi-
ments.
• Applications: using topological photonic systems it is possible to build perfect devices
using imperfect interfaces. (Fig. 2.17)
Topologies for material systems in photonics are defined on the dispersion bands in
reciprocal (wavevector) space. The topological invariant of a 2D dispersion band is the CN (
Eq. 2.1), a quantity that characterizes the quantized collective behaviour of the wavefunctions
on the band (Fig. 2.20). Once a physical observable can be written as a TI, it changes only
discretely. The observable will not respond to continuous small perturbations that can be
arbitrary continuous changes in the system parameters.
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Fig. 2.20 The Berry connection measures the local change in phase of wavefunctions in
momentum space. Similar to the vector potential and Aharonov-Bohm phase, Berry connec-
tion and Berry phase are gauge dependent. The other quantities are gauge-invariant. The
Berry phase is defined only up to multiples of 2n. The phase and flux can be connected
through Stokes’ theorem. A 2D Brillouin zone is topologically equivalent to a torus. The
Chern number (C) can be viewed as the number of monopoles (charges) of Berry flux inside
a closed 2D surface. The arrows represent Berry curvature from the positive and negative
charges. In a 3D Brillouin zone, these monopoles are Weyl points. Images adapted from [6].
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To understand how the topology of a photonic system is defined, we can make an analogy
between optical mirrors and energy gaps. Optical mirrors reflect light of a given frequency
range, due to the lack of available optical states inside the mirror. Thus, the frequency gaps
of a mirror are analogous to the energy gaps of an insulator. The sum of the CNs of the
dispersion bands below the frequency gap indicates the topology of the mirror. This can
be understood as the total number of ’twists’ and ’untwists’ of the system up to the gap
frequency. Ordinary mirrors like air (total internal reflection), metal or Bragg reflectors all
have zero CNs, which makes them topologically trivial. Mirrors with non-zero CNs are
topologically non-trivial [6].
The most fascinating and peculiar phenomena take place at the interface between two
mirrors with different TIs. The edge waveguide formed by these two topologically inequiva-
lent mirrors is topologically distinct from an ordinary waveguide, which is formed between
topologically equivalent mirrors. The distinction lies in the frequency spectra of their edge
modes inside the bulk frequency gap. When the two mirrors have different CNs, topology
does not allow them to connect to each other directly. A topological phase transition must
take place at the interface. The phase transition ensures the presence of gapless frequency
states at the interface. The gapless spectra of the edge states are topologically protected by
the difference of the topologies of the bulk materials on the two sides. In general, the number
of gapless edge modes equals the difference of the bulk topological invariants across the
interface, and this is known as the bulk-edge correspondence.
The search for topological photonic systems continued beyond topological insulators
with coupled resonators. Photons in an array of coupled resonators are similar to electrons in
an array of atoms in solids. The photon couplings between the resonators can be controlled
to form topologically non-trivial frequency gaps with robust edge states. It is possible to
obtain the photonic analogues of the integer quantum Hall effect by constructing both static
and time-harmonic couplings that simulate the electron’s behaviour in a uniform magnetic
field.
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2.7.1 Development of the topological photonics field
The first experiments where performed by Hafezi et al. in 2011 [127]. They designed a
lattice of optical resonators on a silicon-on-insulator platform. They were able to observe
the edge states at NIR wavelengths even if in this case the backscattering was present due
to the fact that the T-symmetry is not broken. One year later, Fang et al. [128] developed a
system of resonators in which the time reversal symmetry was broken by special coherent
time domain modulations and in this way the backscattering was eliminated from the edge
modes. Achieving accurate and coherent time-harmonic modulations for a large number
of resonators is experimentally challenging towards optical frequencies. By translating the
modulation from the time domain to the spatial domain, Rechtsman et al. [27] in 2013
experimentally demonstrated the photonic analogue of the quantum Hall effect using optical
photons (633 nm) realising the first Floquet topological phases.
Using suitably designed electromagnetic media (metamaterials) Khanikaev et al. [65],
the same year, theoretically demonstrate a photonic analogue of a topological insulator. They
show that superlattices of metamaterials with designed properties, provide a platform for
designing topologically non-trivial photonic states, similar to those that have been identified
for condensed-matter topological insulators. The interfaces of the metacrystals support
helical edge states that exhibit spin-polarized one-way propagation of photons, robust against
disorder. These results demonstrate the possibility of attaining one-way photon transport
without application of external magnetic fields or breaking of time-reversal symmetry.
For 3D topological phases, the key bandstructures are line nodes, 3D Dirac points and,
more fundamentally, WPs [108, 129]. A 3D Dirac point is a fourfold band crossing defined
in three dimensional momentum space, away from which the energy band exhibits a linear
dispersion along an arbitrary direction [129]. In photonics, fourfold degeneracy of the Dirac
point is usually achieved through various space symmetries in photonic crystals and Fermi-arc-
like surface states are observed at the interface between air and the Dirac metamaterials [130].
As a central gapless topological phase, Dirac semimetal bridges conventional insulators,
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topological insulators, and Weyl semimetals. By breaking either time reversal or inversion
symmetry, it may split into two WPs of opposite chirality [30].
There are also works that go beyond the three dimensional systems producing photonic
lattices with synthetic dimensions [131]. Moreover, new branches of topological photonics
are fruitfully exploring the physics of non-linear [132], and non-Hermitian [133], and
quantum systems [134].
The reason why gyroid PhCs became relevant in topological photonics is the fact that
they can find application as a starting point for the fabrication of the WP topological phase
[30].
2.7.2 Weyl points in photonic systems
The WP linear dispersion relations, focus of this thesis, can be mimicked in 3D PhCs. Ling
Lu and co-workers confirmed in 2015 [29] (Fig. 2.22) their earlier predictions [30] (Fig.
2.21) and observed type I WP in a gyroid PhCs.
Starting from two gyroids with opposite chirality twisted together without intersection,
we obtain an achiral double gyroid (DG). If this structure is made with a high-n material,
it contains a unique frequency-isolated threefold degeneracy at the centre of the Brillouin
zone, making it an ideal starting point for applying symmetry-breaking perturbations. In
fact, to make WPs, you need to break parity-time symmetry while maintaining time-reversal
symmetry.
The original microwave realization of WP was based on an intricate DG PhC machined
out of high-n materials. Such a design is extremely challenging to extend to the critical
optical wavelength regime, however, due to limitations in fabrication methods at the micron
scale and the lack of sufficiently high-n materials. To break the parity symmetry, Lu et
al. used a periodic defect in one of the two gyroids that compose the DG structure [30].
The resulting four WPs are topologically protected, and were observed using microwave
transmission measurements [29].
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Fig. 2.21 a-d, Band structures without (a) and with (b-d) perturbations. All the dispersion
behaviours close to the degeneracy points in this figure can be described well by the low-
energy theory model. Because P and T are not broken at the same time in these photonic
crystals, k and -k are degenerate in the band structures. A few lowest-value contours of
the frequency difference between the fourth and fifth bands are shown (hexagonal insets)
for each band structure in the (101) plane. The contour spacing is 0.004 in normalized
frequency, and + and − are used to label the chiralities of the Weyl points. a, The original
DG photonic-crystal band structure has a threefold degeneracy at Γ among the third, fourth
and fifth bands in a pseudo-gap. The SG photonic crystal has a huge frequency gap covering
the pseudo-gap frequency region. b,In achiral DG with two air-spheres on the two gyroids,
the fourth and fifth bands touch linearly in a closed line around Γ in the (101) plane. The
linear crossing line is highlighted by a green stripe; this structure does not yet exhibit any
Weyl points. c, If we apply a P-breaking perturbation by placing one air-sphere (r/a = 0.10)
in one of the gyroids, but not the other, two pairs of Weyl points appear (highlighted by green
circles): one pair appears along Γ-H and the other along Γ-N. d, We apply a T-breaking
perturbation (P conserved) by applying a d.c. magnetic field (dimensionless B= 0.875) to the
DG photonic crystal without air-spheres. Only one pair of Weyl points appears (highlighted
by the green circle), along the direction of the magnetic field (Γ-N).Figure adapted from [30].
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Fig. 2.22 The Weyl point bandstructure of a P-broken double gyroid photonic crystal (a).
Real-space geometry in a bcc unit cell (b). The two gyroids structures in red and blue are
inversion pairs with respect to the origin (0). The illustrated air-sphere of radius r (r/a= 0.13)
located at (1/4, -1/8, 1/2)a is only placed there when structural symmetry needs to be broken.
c) A zoom-in view from the top of the photonic crystal exhibiting Weyl points. The structure
is a double-gyroid made by stacking ceramic layers. Figure adapted from [6, 30, 29].
Fermi arc-like topological surface states associated with photonic WPs have been ob-
served in a P-broken photonic crystal consisting of stacked hexagonal lattice slabs [135].
Other structures that have been predicted to host type I WPs including stacked trian-
gular photonic crystal slabs [107], arrays of helical metal wires [135], stacked acoustic
resonator chains [136, 137], magnetic tetrahedral photonic crystal [135] and systems of two-
dimensional arrays of resonators with a synthetic frequency dimension undergoing dynamic
modulation of n [138].
Photonic type II WPs have also been theoretically proposed [139, 140], and observed at
optical frequencies in 2017 by Noh et al. [31], using a waveguide array based design.
2.8 Conclusion
As we have seen in this review chapter, the GD-DLW fabrication method provides the
ability to experimentally investigate the optical properties of a broad range of innovative
PhCs. Unlike other lithographic methods such as electron-beam lithography, GD-DLW
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possesses unmatched flexibility in the fabrication of highly 3D microstructures with preserved
symmetry in the longitudinal direction and resolutions below 100 nm [68]. Therefore is the
ideal fabrication method for the investigation of the 3D topological photonic microstructures,
focus of this thesis.
We then introduced the biomimetic gyroid structures that are the starting point for the
photonic WP phase. We review their mechanical and optical properties and we show that
with GD-DLW it is possible to realise gyroid microstructures.
Finally, we introduce the field of topological photonics and we discuss in detail the
origin, the evolution of the field and we focus on the WP systems. Much like the field of
topological insulators in electronics, topological photonics promises an enormous variety
of breakthroughs in both fundamental physics and technological outcomes. The photonic
WPs, focus of this thesis, provide angular selectivity, robust 2D surface states and can pave
the way to topological photonics in 3D, enabling the study of 3D Dirac points and various
gapped topological phases.
Technologically, the exploitation of topological effects in WP systems could dramatically
improve the robustness of photonic devices in the presence of imperfections. As a result,
it will become easier to design robust devices. Despite these potentials, advancements in
3D topological photonics research and applications have been hindered by difficulties in
fabricating 3D structures that fulfil the requirements to exhibit topologically non-trivial
properties in the technologically important optical regime. The realization of photonic WPs
in the microwave regime cannot harvest the full potential of these topological systems as the
application in integrated photonic devices, and the study of the chirality of the WPs, which
has been completely ignored in the previous photonic efforts [29, 31].
In the following chapters of this thesis we shall develop a strategy to overcome the
technical problems and fabricate a 3D topological phases in the optical regime. We shall
show that combining GD-DLW and atomic layer deposition it is possible to realise type I
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WP PhCs in the infrared regime. Finally, we will investigate the optical properties of the WP
PhCs and the chirality of the WPs.

Chapter 3
Refractive index tuning
3.1 Introduction
Gyroid photonic crystals (PhCs) are predicted to possess among the widest complete three-
dimensional (3D) photonic bandgap (PBG) [47], and also exhibit frequency isolated Weyl
points (WPs) [30]. However, in order to achieve complete 3D control of the photon propaga-
tion and exhibit isolated WPs in the band structure, a high- refractive index (n) contrast is
required as well as a high precision in the geometry of the structures over a large area.
There have been significant efforts to realize WPs at the technologically important optical
frequency regime. This is challenging, however, due to the difficulties in the development
of appropriates 3D fabrication techniques that are able to replicate, tailor and enhance the
natural features of the biological structures and make them suitable for application in photonic
devices.
In this chapter we report the experimental realisation of biomimetic three-dimensional
gyroidal PhCs with high n. We demonstrate a technique that can fabricate biomimetic
photonic structures and two different methods to increase the n. In this way we can precisely
engineer the photonic bandgap and design the optical properties of the PhCs and than use
this technique to acheive the WP phase in the optical regime.
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In order to harvest the full potential of these photonic systems in integrated photonic
devices, we work in the mid-infrared (MIR), a spectral region of tremendous scientific and
technological interest. These bio-inspired structures will be useful in the investigation of
new branches of photonics and in the development of novel chiral optical devices capable of
manipulating photons in three dimensions, such as broadband filters [16], 3D optical cavities
[47] and robust 3D waveguides [1, 31].
Specifically we aim to address the following questions:
• What strategy can we adopt to change the n of a polymeric gyroid micro-structure?
• Can we use different materials and different techniques?
• What are the optical properties of the gyroid micro-structures and how do they vary
with n?
This chapter has the following structure. In Sec. 3.2 we introduce the structures we are
considering in this work, the srs-networks. Then, we present our idea for realising high-n
PhCs in the MIR region in Sec. 3.3, consisting in the realisation of a core-cladding structure.
In Sec. 3.4 we show how we fabricate 1-srs polymer templates using laser fabrication
methods. In Sec. 3.5 and Sec. 3.6 we present two different strategies to experimentally
realise the core-cladding structure. The first one consists in layer-by-layer deposition of
high-n nanoparticles on the polymer templates, and the second one is realised via atomic
layer deposition (ALD) of a layered-composite nanometric high-n material on the polymer
PhCs. Finally, in Sec. 3.7, we discuss our results.
3.2 1-srs templates
The 3D PhCs studied in this work are 1-srs networks ( Fig. 3.1a) described in Chapter 2.
These intricate chiral structures are the replication of the nanostructures found in a variety
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of natural systems, from butterfly wing scales to zeolites [42], and they are based on the
geometry of triply-periodic gyroid surfaces discovered by Schoen in 1970 [46].
The 1-srs network is composed of identical three-coordinated nodes and has cubic I4132
symmetry with a four-fold rotation axis which projects squares along [001] and a three-fold
screw helix, of opposite handedness, that forms triangles in projection along [111]. Since
substantial circular dichroism within dielectric 1-srs nanostructures is known to occur along
the cubic <100> axes [48], usually a non-primitive single cubic unit-cell that aligns the
four-screw single helices with the real-space lattice vectors is used to describe the system
( Fig. 3.1b). However, the primitive unit cell is a body centred cubic (Bcc), therefore the
first Brillouin zone of the 1-srs network is a rhombic dodecahedron ( Fig. 3.1c). The edges
of the 1-srs network can be inflated with constant pressure according to the Young-Laplace
equation to form the single gyroid structure of constant mean curvature [46, 47].
The unique geometry imparts a rich variety of optical properties to 1-srs structured PhCs,
such as optical activity, linear dichroism and circular dichroism (CD) [34], and a complete
PBG [47]. Structures with a gyroidal geometry are also the starting point for the realization
of photonic topological systems, such as Weyl points (WP) [30]. However, natural gyroids
from butterfly wings have several drawbacks in their optical performance, including the
presence of domains with different crystallite orientation, the coexistence of both left- and
right-handed single gyroid enantiomers, uncontrolled structure disorders, and low n. For
these reasons, natural butterfly wings containing gyroid structures lack significant CD and do
not possess a complete photonic band gap (PBG). Multiphoton lithography is an excellent
approach for overcoming the structural limitations of natural gyroids. In addition, to fully
harvest the potential of these structures, the full control over the n is also significant and
necessary.
In the following sections, we will describe the methods that we developed to fabricate
gyroid PhCs with enhanced n and then discuss the results of our optical experiments.
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Fig. 3.1 Geometry and numerical characterisation of 1-srs network. a) 1-srs network. b) A
non-primitive cubic unit-cell of a right handed 1-srs network with lattice parameter a showing
the four-screw helices along the [001] direction. c) First Brillouin zone of the 1-srs network
with the high symmetry points highlighted. d) Geometry of the 1-srs polymer template. e)
Photonic band diagram of the 1-srs polymer template. The unit cell size of the PhC is a = 3
µm, the filling fraction ∼ 10% (radius ∼ 0.07a), the n is 1.5 and the aspect ratio is 1. e)
Geometry of the 1-srs LCS and photonic band diagram of the 1-srs LCS. The low n core
(green) is coated by a high-n material (blue). The unit cell size of the PhC is a = 3 µm, the
filling fraction ∼ 17% (radius ∼ 0.1a), the ncore is 1.5, the nshell is 5, the shell thickness t is
0.03a and the aspect ratio is 1. The photonic bandgap is highlighted in yellow and the stop
band along the Γ−H direction is highlighted in blue.
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Fig. 3.2 Photonic band diagram of a 1-srs PhCs with unit cell size a = 3 µm, filling fraction
17% (radius 0.1a), n = 3, and aspect ratio 1. The photonic bandgap is highlighted in yellow
and the stop band along the Γ−H direction is highlighted in blue.
3.3 Core-cladding concept
Achieving significant control over the photonic band structure of srs-networks requires a high
quality structure and high-n materials. Since it is difficult to directly write a high-n PhC in the
MIR region, the developed strategy to increase the n of the PhCs is to realise a core-cladding
structure coating the low-n polymer templates (Fig. 3.1d) using high-n materials, and in this
way change the average n of the entire structure and, for example, open a complete PBG.
The ability of the 1-srs core-cladding structure to form a complete PBG can be verified in the
band diagram in Fig. 3.1e calculated using the MIT mpb-Photonic Bands software package
[47].
The 1-srs core-cladding structure has a band structure almost identical to that of a 1-srs
PhC with a homogeneous n intermediate between the n of the core and the n of the cladding
(Fig. 3.2), and shows deviations only at high order modes.
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Fig. 3.3 Band structure of the 1-srs network along the [001] direction with lattice constant
4 µm and filling fraction approximately 14%. The bandgap is highlighted in yellow. a)
Theoretical bandstructure for the polymer 1-srs network and corresponding transmission
simulation. The insert shows the first Brillouin zone of the 1-srs network having the body-
centred cubic symmetry, high-symmetry points Γ,P,N, H and the reciprocal lattice vectors. b)
Theoretical bandstructure for the 1-srs network with an effective n of 2.1, and numerically
simulated transmission spectra. An effective n of 2.1 has been chosen to match the final n
obtained in the experiments. c) Theoretical bandstructure for core-cladding structure and
numerically simulated transmission spectra. The cladding has ncladding = 4, thickness 60 nm
and filling fraction approximately 14%. Image from [141].
3.4 Theoretical characterisation
In order to investigate the dependence of the optical properties of the core-cladding PhCs
from the fabrication parameters, we have used the commercially available CST Microwave
Studio, using the frequency domain finite element method (FEM). The meshing of the srs-
network is done by first breaking the surface into small triangulated segments and then the
internal volume of the structure is meshed by forming tetrahedrons from these triangulated
surfaces. In order to improve the replication of curved surfaces, rather than having a finer
triangulated mesh, CST Microwave Studio applies a curve to the surface mesh, which greatly
improves the mesh quality at low mesh densities. This improves both the accuracy and
efficiency of the simulation.
In these simulations, a unit cell boundary condition is used, which assumes a periodicity
in the X and Y directions. The boundary conditions in the Z direction are assumed to be open
boundaries for incident plane waves to enter and exit the system. By exciting the structure
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Fig. 3.4 Simulated redshift as a function of the cladding thickness (a) and the effective n (b)
for a 1-srs network with lattice constant 4 µm and filling fraction approximately 14% and
ncladding = 4. The dashed line is a linear fit. Image from [141].
with circularly polarised plane waves at different frequencies one can measure the reflection
and transmission spectra, analogous to an experimental spectroscopy measurement.
In Fig. 3.3 the band diagrams for polymer, n = 2.1 and core-cladding 1-srs PhCs are
compared to the corresponding transmission spectra. As the effective-n increases, the 5
lowest order modes undergo a significant red-shift, whilst the higher modes remain mostly
constant as a result of differing electric field concentrations within the network for the
low- and high- order modes ( Fig. 3.3c) [82, 142–145]. Accordingly, the width of the
band-gap increases, which leads to a red-shift in the mid-gap wavelength and an increase in
transmission suppression, because the PBG rejects a greater proportion of the incident light.
We also calculate the theoretical redshift as a function of the cladding thickness (Fig.
3.4a) and the effective-n ( Fig. 3.4b) for a 1-srs network with lattice constant 4 µm and filling
fraction approximately 14% and ncladding = 4, in order to quantify the effect of the cladding.
We explore the PBG width, the gap-midgap ratio and the PBG average wavelength, as a
function of the cladding thickness for n = 6 (Fig. 3.5). This give us a map of parameters in
which to target our fabrication efforts.
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Fig. 3.5 Band structure analysis of the 1-srs core-cladding structures calculated with the
software MIT photonic bands (MPB). a) Complete gap map for the gyroid photonic crystal
showing the complete bandgap wavelengths (green) as a function of the cladding thickness.
b) Dependence of the gap-to-mid-gap ratio as a function of the cladding thickness. c)
Dependence of the mid-gap wavelength as a function of the cladding thickness.
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3.5 Polymer templates fabrication
In order to fabricate 1-srs core-cladding PhCs with operative wavelength in the mid-IR,
we first fabricate a polymer template using a galvo-dithered direct laser writing method
(GD-DLW), a 3D lithography technique that enables the fabrication of structures with a
resolution down to, ideally, 200 nm.
The fabrication procedure is illustrated in Fig. 3.6. An ultra-fast laser is focused inside
the volume of a transparent photoresist that absorbs two or more photons and polymerizes
the resist locally. The laser beam is first focused inside the photoresist material and then
scanned according to the pre-defined design. The development washes away all the unwritten
material, revealing the patterned structure. A zirconium based hybrid organic-inorganic
photoresist was used to create the templates due to its excellent resistance to shrinkage [144].
3.5.1 Experimental setup
For the 3D nano-fabrication of gyroid structures herein, we have used the laser fabrication
system schematized in Fig. 3.8.
A beam from a femtosecond fibre laser (Fianium 532) operating at a wavelength of
532 nm, with a pulse width of 270 fs and a repetition rate of 50 MHz, was steered by a
combination of a two-dimensional (2D) galvo mirror (Thorlabs) and a 4f imaging system into
a 1.4NAx100 oil immersion objective (Olympus).The power of the laser beam is controlled
electronically using a power controller system (LPC, Brockton Electro-Optics Corp) that
operates using a fast liquid crystal and linear polariser to attenuate light. The power controller
system also acts as a noise filter, reducing power fluctuations from the laser source up to 1 kHz.
A mechanical shutter is used to control the light exposure during fabrication. A piezoelectric
nanotranslation stage (Physik Instrumente) was used to trace out the microstructures in the
photoresist whilst the galvo mirrors traced the laser focus in a circle of diameter ∼ 100nm.
This leads to a correction of the voxel asymmetry as schematically represented in Fig. 2.3.
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Fig. 3.6 a) Fabrication procedure. The ultra-fast laser is focused inside the volume of a
transparent photoresist and then scanned according to the pre-defined design. After the
development of the unwritten photoresist, the PhCs structure is revealed. b) SEM images of
PhCs fabricated via GD-DLW.
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Fig. 3.7 Layout of the fabrication setup.
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Fig. 3.8 Images of the custom-made GD-DLW setup used in the experiments. a) General
view of the optical setup. b) Fabrication column.
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In particular, the galvo-dithered correction causes the fabrication voxel to become shorter in
the Z direction (i.e.∆ZGD < ∆ZDLW ), improving the overall resolution of the 3D fabrication
method. The radius of the dithered correction is comparable to the voxel resolution and is
performed at very high speeds compared to the fabrication speed. A frequency of 500 Hz
was used, which is fast enough for the translation speeds of 10 µm/s used to fabricate the
srs-networks [141].
3.5.2 Fabrication results
In Fig. 3.9 and Fig. 3.10 we show the results of the GD-DLW fabrication of the srs-network
PCs using the experimental setup described above. The DLW of the 3D microstructures starts
by writing first the top unit cell layer, to ensure that the laser passes through an homogeneous
material, since we are using a writing configuration with the photoresist attached on the
bottom side of the coverslip. The layer-by-layer approach to ensure mechanical stability of
the network at all times during fabrication. The bottom layer is intentionally written at 3 µm
below the glass-polymer interface. This ensures that microstructure will be attached to the
glass coverslip over the entire area of the microstructure. Failing to do this procedure may
result in the microstructure being written above the surface, leading to the washing away of
the microstructure during the wash out process. After the DLW procedure, the sample is
rinsed in solvent for 60 minutes and then dried at room temperature.
As shown in Fig. 3.9 the fabricated polymer srs-network replicates the network topology
excellently with high uniformity, minimal distortion and no noticeable shrinkage, demon-
strating the high quality of the DLW method and more importantly the mechanical stability
of the srs-network design.
Figure 3.10 shows that using the GD-DLW, it is possible to accurately create the cylindri-
cal segments of the 1-srs with circular section and therefore cubic symmetry, good mechanical
strength, and high resolution.
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Fig. 3.9 SEM images of srs-networks fabricated using GD-DLW demonstrating the quality
of the method.
Fig. 3.10 SEM images of srs-network cross section. The structure is fabricated using
GD-DLW demonstrating the beneficial effects of the galvo-dithered correction on the 3D
symmetry and on the mechanical strength of the structure. The portion of the structure is
removed via ion beam milling. Scale bars 5 µm (left) and 1 µm (right).
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3.5.3 Experimental characterisation
Fig. 3.11 Schematic of the angle-resolved FTIR measurements. In order to illuminate the
sample along [001], the sample was mounted at a 18◦ custom built mount on the microscope
stage and a custom built pinhole] was added in between the cassegrain and sample to reduce
the illumination angle. The result is the illumination of the structure with a focused aperture,
normal to the substrate allowing for the characterisation along [001] with a 6◦ illumination
angle (i.e. ±3◦ relative to the normal).
To experimentally characterize the structures we measure the light transmission through
the fabricated polymer performing angle-resolved Fourier Transformed Infrared Spectroscopy
(FTIR) measurements, which allows us to measure the transmission of light over a broad
range of wavelengths and has been used to characterise the PBG properties of many PCs
previously [95, 141, 146, 147].
FTIR is a technique that can be used to obtain an infrared spectrum of absorption, emis-
sion, photoconductivity or Raman scattering of a solid, liquid or gas. An FTIR spectrometer
simultaneously collects spectral data in a wide spectral range. The term Fourier transform
infrared spectroscopy originates from the fact that a Fourier transform (a mathematical
process) is required to convert the raw data into the actual spectrum. The goal of FTIR is
to measure how well a sample absorbs light at each wavelength. A beam is generated by
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Fig. 3.12 Theoretical and experimental transmission spectra of a 1-srs network with unit cell
size 4 µm and Nz = 4 fabricated using DLW in custom-made FORTH polymer photoresist
shown in Fig. 2.11a. A smoothing filter was applied to the theoretical transmission in order
to account for the finite opening angle of the focussing condition in experiments.
starting with a broadband light source that contains the full spectrum of wavelengths to be
measured. The light shines into a Michelson interferometer, where there is a mirror moved by
a motor. As this mirror moves, each wavelength of light in the beam is periodically blocked,
transmitted, blocked, transmitted, by the interferometer, due to wave interference. Different
wavelengths are modulated at different rates, so that at each moment, the beam coming
out of the interferometer has a different spectrum. As mentioned, computer processing is
required to turn the raw data (light absorption for each mirror position) into the desired result
(light absorption for each wavelength). The processing required turns out to be a common
algorithm called the Fourier transform.
In our angle-resolved experiments, the transmission spectra were measured using an
infrared microscope (Bruker Hyperion 2000) in combination with a Bruker Vertex 70 FTIR.
The FTIR microscope uses a Cassegrain reflector with numerical aperture N.A. = 0.4,
corresponding to an illumination angle of 12◦−24◦ relative to the normal of the sample. In
order to illuminate the structures along the normal direction to the surface, the sample was
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mounted on a 18◦ custom built mount on the microscope stage and a custom built pinhole
was added in between the Cassegrain and sample to reduce the illumination angle (Fig. 3.11).
The result is the illumination of the structure with a focused aperture, normal to the substrate
allowing for the characterisation along the normal direction with a 6◦ illumination angle (i.e.
±3◦ relative to the normal). Ideally, a very small pinhole is used such that the illumination
angle is less than 1◦ and thus the incident light can be considered as a true plane wave.
However, there are two limitations to this solution:
• The amount of excitation signal passing through the pinhole, which is significantly
reduced for smaller pinhole sizes, lowering the signal to noise ratio.
• Diffraction of the aperture window due to the finite numerical aperture, which is
significantly increased for smaller pinhole sizes.
The pinhole with a 6◦ illumination angle was found to have the best compromise of
accuracy, signal to noise ratio and diffraction.
In Fig. 3.12 we show theoretical and experimental transmission spectra of unpolarised
light through the 1-srs network shown in Fig. 3.9 (left) along the [001] direction. The PhC
has unit cell size 4 µm and for the purpose of optical characterisation, the structure is 52
µm×52 µm×16 µm. A smoothing filter was applied to the theoretical transmission in order
to account for the finite opening angle of the focussing condition in experiments.
3.5.4 Circular dichroism detection
In this section we shall discuss the experimental characterisation of the optical properties
related to the chiral nature of the srs-networks, and in particular CD.
Dichroism is often expressed as the property possessed by some materials of absorbing
light to different extents dependent upon the polarization form of the incident beam. Where
the absorption of light circularly polarized in one direction (right-handed) is different from
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Fig. 3.13 Schematic of the circularly polarized light transmission measurements. Circular
polarisation excitation is achieved by using a combination of an infrared linear polariser
(ColorPol MIR), which operates from 1 µm to 5 µm and an achromatic MgF2 quarter-wave
plate (Bernhard Halle), which operates between 2.5 µm to 7 µm.
the absorption of the light circularly polarized in the opposite direction (left handed), the
material is said to exhibit CD [148].
Circular polarisation excitation is achieved by using a combination of an infrared linear
polariser (ColorPol MIR), which operates from 1 µm to 5.5 µm and an achromatic MgF2
quarter-wave plate (Bernhard Halle), which operates between 2 µm to 7 µm as illustrated in
Fig. 3.13.
In Fig. 3.14 we show theoretical and experimentally measured transmission spectra of
circularly polarized light through the 1-srs network shown in Fig. 3.9. The transmission spec-
tra along [001] have approximately total transmission at long wavelengths with the formation
of band gaps and CD bands at wavelengths shorter than 3.5 µm. At wavelengths between 2.7
µm to 3.5 µm there is a circular dichroism band where right circularly polarized light (RCP)
has high transmission and left circularly polarized light (LCP) has low transmission. At
shorter wavelengths where higher order Bloch modes are excited there are also regions with
significant circular dichroism, but these are not as broadband and strong as the fundamental
circular dichroism.
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Fig. 3.14 Theoretical and experimental transmission spectra of a 1-srs network with unit cell
size 4 µm and Nz = 4 fabricated using DLW in custom-made polymer photoresist shown in
Fig. 2.11a. Green and blue curves are for RCP and LCP transmitted light respectively. A
smoothing filter was applied to the theoretical transmission in order to account for the finite
opening angle of the focussing condition in experiments.
3.6 Alternatively-charged layer-by-layer deposition method
In this section, we report on an alternatively charged layer-by-layer (AC-LBL) deposition
protocol with nano-particles to tune the effective n of the 3D PhCs and precisely engineer
the position, width, and amplitude of the PBG.
The AC-LBL method consists of the alternating deposition of two oppositely charged
species: the negatively charged high-n nanoparticles and a positively charged polymer.
The general experimental procedure is illustrated in Fig. 3.15. To create the micron-scale
core-cladding structure, we first fabricated a polymer template using a galvo-dithered DLW
method described in the previous section, which can create 3D PhCs with cubic symmetry,
good mechanical strength, and high resolution. Than we deposited alternatively a layer of
positively charged polymer and a layer of negatively charged high-n nanoparticles. The use
of charged compounds ensures a homogeneous coating deep inside the structures. The entire
cycle can be repeated many times in order to obtain a multilayer film of specified thickness.‘
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This approach has the advantage of creating a tuneable and homogenous coating on the
entire surface of the 3D PhC, overcoming the issue related to directional coating techniques,
such as thermal evaporation or chemical vapour deposition.
Compared with the other approaches used to tune the dielectric contrast of 3D structures,
our AC-LBL method offers significant advantages because the use of charged compounds
ensures that the coating penetrates deep and uniformly inside 3D complex structures. More-
over, this low cost, fast and room-temperature method can be applied to different coating
materials, such as quantum dots and other nanocrystals. It is also possible to functionalize
the particles used to coat the PhCs in order to add new functionalities to the structures.
3.6.1 Layer-by-layer nano-cubes deposition
In this section the n of the 1-srs PhCs is engineered by applying the AC-LBL method with
PbS nanocubes. We choose the PbS nano-particles because this material can be rapidly
synthesised with high yield, high n, and good transparency in the visible and near-infrared
(NIR) wavelength region.
The PbS nanocubes were synthesized via a water/glycerol/polyvinylpyrrolidone (PVP)
ternary system [142], which was optimized in order to facilitate the growth of PbS nanocubes
with uniform dimensionality (30-50 nm) and sharp facets and edges (Fig. 3.16 a). For the
synthesis, 0.4 g PVP (molecular weight: 30 000) was dissolved in a mixed solvent of 20 mL
distilled water and 10 mL glycerol, then 0.38 g lead (II) acetate trihydrate (Pb(Ac)2 ·3H2O)
(2 mmol) added to the mixture under stirring, which was followed by the addition of 1.6 g
NaOH. After the NaOH had completely dissolved, 0.890 g thioacetamide (TAA) (2 mmol)
was introduced into the system and black suspensions appeared immediately. After another
2 min stirring, 6 mL of the black product was collected by centrifugation and washed with
distilled water. The as-prepared nanocubes were added into a solution of 0.5 g MUA (11-
mercaptoundecanoid acid 95%) and 1 mL methanol. After 1 h stirring at room temperature,
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Fig. 3.15 Alternatively charged layer-by-layer deposition scheme using PbS nanocubes. a)
PbS nanocubes synthesis. b) The nanocubes are negatively charged via a ligand exchange
process. c) The coating process starts with a layer of positively charged polymer. d) After
washing away the excess polymer, a layer of negatively charged nanocubes is deposited. e)
The entire process can be repeated until the desired cladding thickness is obtained. Image
from [141].
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Fig. 3.16 PbS nanocubes characterisation. a) TEM image of PbS nanocubes. b) Refractive
index (n ) and extinction coefficient (k ) of PbS measured by ellipsometry. Image from [141].
the nanocubes were washed with acetone, collected by centrifugation and redispersed in a
solution of 2 mL distilled water and 0.1 g NaOH.
In order to render the PbS nanocubes negatively charged, a ligand-exchange reaction (.
reffig:q7 b) was made which deposited a coating of 11-mercaptoundecanoic acid (MUA)
on the surface of the PbS nanocubes [143]. The AC-LBL assembly, illustrated in 3.15c,d,
consists of the alternating deposition of positively charged poly (diallyldimethylammonium
chloride) (PDAC) solution with negatively charged PbS nanocubes on the polymer templates.
The AC-LBL assembly of the core-cladding structures was prepared according to the
standard cyclic procedure:
1. dipping of the substrate into a solution of PDAC (PDAC : H2O = 1 : 40) and leave it in
a vacuum chamber for 10 min;
2. rinsing with water for 1 min;
3. dipping into the dispersion of PbS nanocubes (pH 14.0) before placing the samples in
a vacuum (80 kPa) chamber for 20 min;
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Fig. 3.17 Alternatively charged layer-by-layer deposition of PbS nanocubes on glass.
4. rinsing with water again for 1 min. The cycle has been repeated multiple times in order
to obtain a multilayer film of specified thickness.
The tertiary amine moieties present in the photoresist used to fabricate the polymer
templates, are capable of participating in the photopolymerization step and to incorporate
covalently bound metal-binding groups in the 3D structures [144], that attract cations (positive
ions). For this reason, the surface of the polymer templates results negatively charged and the
first layer of positively charged polymer is able to attach uniformly to the entire surface of the
photonic crystal. The use of charged compounds ensures a homogeneous coating deep inside
the structures. The entire cycle can be repeated many times in order to obtain a multilayer
film of specified thickness ( Fig. 3.15e).
To examine the optical properties of the coating material, the AC-LBL assembly protocol
was performed also on glass (Fig. 3.17) and on flat silicon substrates and the n of the resulting
thin films was measured by ellipsometry (Fig. 3.16b). The n and the absorption coefficient
k of the flat thin films were measured in the wavelength range between 250 and 1700 nm.
The measured n is in the range 3.4-3.8 for wavelengths between 900 and 1700 nm, while it
exceeds the value of 6 at 400 nm. The k is negligible for wavelengths larger than 400 nm.
These values are independent from the number of layers deposited and are in agreement with
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Fig. 3.18 Measured transmission spectra of a thin film (200 µm) of photoresist used to
fabricate the polymer templates. The spectral region where the PhCs considered in these
experiments are expected to exhibit a photonic band gap is highlighted in yellow. The glass
substrate absorption region is highlighted in red. Image from [141].
literature values [145]. In Fig. 3.18, optical measurements of the photoresist used to fabricate
the polymer templates are provided, and it is possible to observe a weak drop in transmission
in the spectral region between 2.5 and 3.5 µm, where the material absorbs.
Considering that the PhCs used in these work are expected to exhibit a PBG between
3.5 and 5.5 µm, both the photoresist and the PbS cladding do not affect the transmission
measurements.
Scanning electron microscopy (SEM) images of the results of the PbS layer-by- layer
deposition on the polymer 1-srs network are shown in Fig. 3.19. The figure shows a portion
of the (001) plane of the PhC after 4 PbS deposition cycles. The SEM images confirm that
the deposited PbS material homogeneously coats the rods of the 1-srs network. Fig. 3.19
b and c reveal a grainy texture on the PhC surface, consequence of the finite dimension of
the PbS nanocubes. The presence of nanocubes at a depth of four repetitions of the network,
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Fig. 3.19 SEM images of the 1-srs network coated by PbS nanocubes. The size of the unit
cell is 4 µm. Image from [141].
demonstrates the complete penetration of the PbS nanocrystals into the 3D PhC. The six
deposition cycles result in a PbS coating approximately 40 nm on top of the polymeric
network of 720 nm in diameter. This coating thickness is deep sub-wavelength relative to the
operating wavelength of the PhC (4 µm, for a unit cell size of 4 µm) and as such, the coated
network can be represented by a single effective n as confirmed by the numerical simulation
of the photonic band-structure (performed using the MIT Photonic Bands software package)
under the core-shell geometry and under a uniform network.
To characterize the optical response of the PbS-coated PhCs with regard to the increment
of the effective n, we studied the optical response of the PhC structures with a Fourier-
transform infrared spectrometer (Vertex 70, Bruker) and an infrared microscope. The optical
transmission was measured along the [001] direction for both the polymeric templates and
after the deposition of two, four, and six layers of nanocrystals ( Fig. 3.20). The plots in
Fig. 3.20a show the strong effect of the PbS nanocubes on the 1-srs effective n. The PBG
of the polymer template undergoes a significant increase in its width of up to 90% after
the deposition of six PbS layers, as well as a redshift of the PBG of more than 780 nm.
These trends are in a good agreement with the theoretical calculations The experimental
transmission spectra do not exhibit complete transmission suppression in the bandgap region
because of the finite opening angle (up to 5◦) used in the experimental setup. The simulated
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spectra were filtered to account for the finite opening angle used in experiments. The redshift
of the PBG is related to a combination of the increase of the effective n and the change in the
filling fraction [149, 95], while the improved transmission suppression is a consequence of
the increment in the effective n only [147]. In order to understand and quantify the effect of
the PbS cladding on the effective n, the band diagrams of the 1-srs network with increasing
the cladding thickness and the n were simulated [150]. The simulation inputs were the
geometric parameters measured from SEM images and the PbS n measured by ellipsometry
(Fig. 3.16 ). Calculations show a linear dependence of the redshift from the increase of
both the cladding thickness and the effective n (Fig. 3.4). We measure the redshift from the
experimental transmission spectra and we compare it with the theoretical redshift calculated
at different cladding thicknesses and reported in Fig. 3.4. The calibration curves in Fig. 3.20c,
realized by comparing experimental and theoretical redshifts, indicate that the increment
in the cladding thickness per deposition cycle is not as large as expected given the PbS
nanocubes average size of 40 nm calculated from TEM images (Fig. 3.16). The calculated
increment in the cladding thickness is qualitatively confirmed by the diameters of the gyroid
rods measured before and after the deposition from the SEM images (Fig. 3.19). This
result is caused by the morphology of the PbS cladding layer, where the presence of empty
spaces between the nanocubes reduces the average n of the coating and increases the surface
roughness and scattering. The reduction in transmission for short wavelengths is caused by
both an increase in scattering losses as the number of PbS particles forming the cladding
layer is increased [147], and by a decrease in coupling-strength to the higher-order modes as
the effective index is increased. In order to obtain a smoother surface, it is possible to use a
filter with smaller pores, follow a different protocol to synthetize smaller PbS nanocubes or
alternatively choose other nanoparticles [141].
3.6 Alternatively-charged layer-by-layer deposition method 95
Fig. 3.20 a) Measured transmission spectra of the 1-srs gyroid PhC after successive zero (blue
curve), two (green curve), four (red curve), and six (light blue curve) PbS deposited layers.
The lattice constant is 4 µm. b) Numerically simulated transmission spectra of a 1-srs PhC,
with lattice constant 4 µm and filling fraction approximately14%, with different cladding
thickness: 0 nm (blue curve), 10 nm (green curve), 30 nm (red curve), and 50 nm (light blue
curve). c) The plot shows the dependence of the simulated cladding thickness (blue squares)
and the simulated effective n (green dots) from the number of PbS layers deposited on a
polymer 1-srs network with lattice constant 4 µm and filling fraction approximately14%.
Image from [141].
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Fig. 3.21 SEM images of the 1-srs network coated by PbSe quantum dots. The unit cell size
is 4 µm. Image from [141].
Fig. 3.22 a) Refractive index (n) and extinction coefficient (k) of PbSe measured by ellipsom-
etry. b) Measured transmission spectra of the 1-srs network after successive deposition of
zero (blue curve), six (green curve) and twelve (red curve) PbSe layers. The unit cell size is
4 µm and the filling fraction is approximately 16%. Image from [141].
3.6.2 Layer-by-layer quantum dots deposition
In this section we report the results of coating a different colloidal nanocrystal, PbSe quantum
dots, demonstrating the versatility of our coating method.
The AC-LBL method that we followed is the same described in the previous section. The
only difference is that in order to realise the cladding reported in Fig. 3.21, we used PbSe
quantum dots instead of the PbS nanocubes. For the synthesis of PbSe quantum dots PbCl2
was used. The entire synthesis procedure is described in [151]. The result is a smoother
texture of the cladding layer due to the smaller dimension of the quantum dots [141].
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In Fig. 3.22a we reported the ellipsometer measurements of the optical properties of
a PbSe thin film, showing a n higher than 3.5 and a negligible extinction coefficient. The
FTIR measurements reported in Fig. 3.21b show the increment in the PBG width with the
increasing of the PbSe cladding layer [141]. The change in n is slower in this case, but the
use of quantum dots is particularly recommended to fuctionalise PhCs.
3.7 Layered-composite nanometric high-index material
The n-tuning methods that we described above are valid options to engineer precisely the
PBG and functionalise the PhCs surfaces, but result slow and limited by the choice of
materials. In this section we report another method to further increase the n of the polymeric
structures. We realised a 3D coating with a layered-composite nanometric high-n material
via ALD.
We demonstrate that this technique can fabricate biomimetic photonic structures with
structural properties and n compared to the biological counterparts. In this way we can
precisely engineer the PBG in the MIR and design the optical properties of the photonic
crystals for use in practical devices.
3.7.1 Antimony telluride
The material that we choose for the cladding is antimony telluride, an inorganic compound
with the chemical formula Sb2Te3.
This material is a topological insulator (TI) [152], a material characterized by a bulk
band inversion and strong spin-orbit interaction which lead to surface states that bridge the
bulk band gap. TIs behave like ordinary insulators in the bulk, but at the same time support
conducting surface states [153]. There are many noteworthy aspects of the electronic state
in Sb2Te3. One is the uncovered extreme sensitivity to the growth parameters that reveals
an instability to strong correlations, leading to superconductivity at ambient pressure and
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Fig. 3.23 Sb2Te3 characterisation. a) SEM image of Sb2Te3 thin film deposited on a silicon
substrate via ALD. The scale bar is 0.5 µm. Refractive index (n) and extinction coefficient
(k) of Sb2Te3 measured by ellipsometry.
relatively high temperature [153]. Another is its likely surface origin as seen through the
unexpectedly suppressed bulk charge carrier density, orders-of-magnitude enhanced carrier
mobility and extreme anisotropy of diamagnetic screening.
Furthermore, Sb2Te3 can act as thermoelectric materials and have potential applications
in power generation and refrigeration systems [151, 154]. The reasons why we choose to use
this material in our project is the exceptionally high n achievable in thin layers of Sb2Te3
[155, 156]. In Fig. 3.23 we can see the morphology of the surface and the optical properties
of Sb2Te3: the high n and at the same time a negligible k in the wavelength region that we
are considering. These properties make the Sb2Te3 the ideal cladding material.
If we consider a 20 nm thick film of antimony telluride, for wavelengths above 1 µm,
the n goes above 6 while the extinction coefficient drops down, making Sb2Te3 an excellent
cladding material.
3.7.2 Atomic layer deposition
The synthesis of Sb2Te3 is achieved by low temperature atomic layer deposition (ALD).
ALD is a thin film deposition technique that is based on the sequential use of a gas phase
chemical process. ALD is considered a subclass of chemical vapour deposition. The majority
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Fig. 3.24 Fabrication method of high-n 1-srs PhCs for mid-infrared frequency band. DLW
was achieved by focusing a femtosecond laser beam into a negative-tone photoresist. After
the development, a gyroid PhC was fabricated. The polymer template was then uniformly
coated with high-n Sb2Te3 , leading to a core-cladding structure with an effective n of 3. The
pictures of the ALD instrument are adapted from www.nanomelbourne.com.
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of ALD reactions use two or more chemicals called precursors. These precursors react with
the surface of a material one at a time in a sequential, self-limiting, manner. Through the
repeated exposure to separate precursors, a thin film is slowly deposited [157].
Thin films of high-n Sb2Te3 were grown directly on the polymer templates. The chemical
equation for synthesizing Sb2Te3 thin films is Sb(OC2H5)3 + 3[(CH3)3Si]2Te → Sb2Te3 +
6(CH3)3Si−OC2H5. The injection/purge times for the precursors of Sb(OC2H5)3 and
3[(CH3)3Si]2Te were 0.75s/9s and 0.1s/9s, respectively. As Sb(OC2H5)3 was difficult to be
gasified, an Ar gas booster was used on the cylinder to promote the gasification process.
The precursor transport temperature was kept at 150◦C. The substrate temperature in the
deposition process was kept at 70◦C, which was optimal for a maximum growth rate. The
chamber vacuum was 2×10−2 Torr. [154]. The growth rate was 0.01 nm per cycle. The
X-ray diffraction (XRD) and Raman spectrum reveal the high quality of the ALD grown
Sb2Te3 thin film [151].
The maximum temperature reached during the deposition process is 80◦, and this is very
important because avoids shrinking or distortion in the polymer templates. In Fig. 3.25 SEM
images show the result of the ALD deposition. The geometrical properties of the PhCs before
and after ALD remain unchanged and the layer of Sb2Te3 uniformly covers the entire surface
of the structures.
3.7.3 Fabrication results
The coating of Sb2Te3 thin films deposited on the top of the laser-written polymer templates
was approximately 90 nm. At these thicknesses, the coating is deep sub-wavelength in scale
and the structure can be considered as an effective medium. By comparing the polymer
template band diagram in Fig. 3.1d and the one of the LCS in Fig. 3.1e we can verify that
the coating of the Sb2Te3 has increased the effective-n of the PhCs to 3. As the effective-n
increases, the 5 lowest order modes undergo a significant red-shift, whilst the higher modes
remain mostly constant as a result of different electric field concentrations within the network
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Fig. 3.25 SEM images of gyroids coated with Sb2Te3 via ALD.
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Fig. 3.26 First Brillouin zone of the 1-srs PhC and the measured wave-vectors within a = 3◦
half apex angle around the [010] direction (red cone) and the [.63 -.37 0] direction (orange).
b) Schematic of the FTIR transmission measurement geometry, the bulk states in the PhCs
were excited by the incident wavevector parallel to the sample surface varied by the angle Θ.
for the low- and high-order modes. Accordingly, the transmission suppression increases
because the PBG rejects a greater proportion of the incident light. Furthermore, the thickness
of ALD coated Sb2Te3 nanocrystals thin films are also deep sub-wavelength, and contribute
negligibly to scattering losses. This approach has the advantage of creating a tuneable and
homogenous coating on the entire surface of the 3D structure, overcoming the issue related
to directional coating techniques, such as thermal evaporation or chemical vapour deposition.
Moreover, the deposition temperature is as low as 70◦C, which can avoid damaging the
polymer templates, shrinkage or distortion.
3.7.4 Experimental characterisation
To characterize the optical response of the the 1-srs PhCs, optical characterisation is per-
formed at each step of the fabrication process.
The optical response of the Sb2Te3-coated PhC was studied by performing angle resolved
transmission measurements along different crystallographic directions using a FTIR spec-
trometer (Bruker Vertex 70) and infrared microscope (Bruker Hyperion 2000). In order to
minimize angle-averaging effects, we narrowed down the angular spread of the incident light
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to 6◦ full-aperture angle using a pinhole in front of the light source. The angle of incidence Θ
was varied between −15◦ and +15◦ from the Γ−H [001] direction in steps of 5◦ as shown
in Fig. 3.26. The experimental results are shown in Fig. 3.27. As Θ increased from normal
incidence, we probed k vectors away from the Γ−H direction and observed the opening of
a photonic bandgap (PBG) between band two (b2) and band three (b3), a spectral interval
with low transmission for all angles and polarizations. If we consider T < 13.5% as the
experimental boundary for low transmission, it is possible to see that the PBG (dashed yellow
lines) extends from 4.7 µm to 5.3 µm over a spectral range ∆λ = 0.6 µm, corresponding
to a gap-to-mid-gap ratio ∆λ/λ ∼ 20% and the stop band along the Γ−H direction further
extends from 4.55 µm to 4.7 µm (dashed blue lines), for a total ∆λ = 0.75 µm. In the plots
we highlight in yellow the stopband along Γ−H of more than 500 nm and in green the
complete bandgap of approximately 150 nm. These results are in a good agreement with the
theoretical calculations performed using CST and MIT Photonic Bands.
3.7.5 Circular dichroism detection
To study the variation in the optical properties of coated 1-srs PhCs with the polarization state
of the incident light, we investigated the interaction between the structure and LCP and RCP
light. In Fig. 3.28 the transmissions of the two polarizations were measured along the [001]
crystallographic direction (Γ−H) where the CD was expected to be particularly evident
due to the helical nature of the structure along this direction, and at 12◦ from that direction
(Γ−H ′). From the measurements, we can confirm that we have CD even after ALD.
We also map the PBG, as described in the previous section but using different light
polarizations. At wavelengths between 4 µm and 6 µm there are CD bands where LCP and
RCP have different transmission. Figure 3.29 shows that the unpolarized PBG was widened
towards higher and lower frequencies by a LCP circular polarization gap that extends from 4.3
µm to 5.5 µm. The CD spectra in Fig. 3.30, defined as CD = (TLCP−TRCP)/(TLCP+TRCP),
measures the difference of transmission (T) for LCP and RCP beams, respectively.
104 Refractive index tuning
Fig. 3.27 Optical characterisation of the gyroid photonic crystal with lattice constant a = 3
µm. Measured (a) and simulated (b) transmission spectra as a function of angleΘ for incident
unpolarised, LCP and RCP light. The stop-band along theΓ−H direction and the photonic
bandgap are highlighted by the blue and yellow dotted lines, respectively.
Fig. 3.28 Optical characterisation of coated srs-network along Γ−H and Γ−H ′. The
lattice constant is a = 3 µm. Green and blue curves represent RCP and LCP incident light,
respectively.
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Fig. 3.29 Optical characterisation of the gyroid photonic crystal with lattice constant a = 3
µm. Measured (a) and simulated (b) transmission spectra as a function of angleΘ for incident
unpolarised, LCP and RCP light. The stopband along the Γ−H direction and the photonic
bandgap are highlighted by the blue and yellow dotted lines, respectively.
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Fig. 3.30 Simulated and measured circular dichroism (CD) of the 1-srs PhC as a function
of the wavelength along the Γ−H [100] direction. The CD spectra is defined as CD =
(TLCP−TRCP)/(TLCP+TRCP), which measures the difference of transmission (T) for LCP
and RCP beams, respectively. The core-shell 1-srs PhCs has unit cell size a = 3 µm, filling
fraction 17% (radius0.1a),ncore = 1.5,nshell = 5, shell thickness t= 0.03a and aspect ratio 1.
In Fig. 3.29 we compared this experimental data to numerical simulations. The reduction
in transmission for short wavelengths arises from scattering losses due to surface roughness,
fabrication imperfections and by a decrease in coupling-strength to the higher-order modes
as the effective-n increases. The experimental transmission spectra do not exhibit complete
transmission suppression in the band-gap region because of the finite full-aperture of 6◦
used in the experimental setup. The simulated spectra were smoothed to account for the
finite opening angle used in experiments. There is strong agreement between the calculated
and the measured spectra. In particular, all peak positions and shifts as a function of angle
and polarization, as well as the absolute transmission values are well reproduced, except
inside the gap, where theory predicts a yet stronger suppression of the transmission than our
detection limit. This comparison provides evidence that the derived structure parameters are
correct.
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3.8 Conclusion
In order to exhibit frequency isolated WPs in the bandstructure, gyroid PhCs are required to
have a high n (n>3). The main hurdle to realising the photonic WP phase at the technologically
important optical regime is the lack of methods for 3D fabrication of intricate microstructures
with high-n. To solve this problem, in this chapter we presented the method that we developed
to realise 3D gyroid PhCs with enhanced n.
Using the GD-DLW method we have been able to successfully replicate these srs-
networks and showed the excellent fabrication quality achievable through characterisation via
SEM imaging and transmission measurements. These experimental results are in excellent
agreement with the numerical simulations and theoretical band structure calculations.
Than we presented two different methods to increase the n and precisely engineer the
PBG and design the optical properties of the photonic crystals for use in practical devices.
The first method was a fast and easy AC-LBL deposition protocol to engineer the PBG
of 3D 1-srs PhCs by coating laser-written polymer templates with negatively charged PbS
or PbSe nanocubes. By varying the number of deposition cycles, the PhC n was controlled,
and the width, frequency, and depth of the PBG was designed. Optical characterisation
confirmed that six deposition cycles of PbS nanocubes were able to increase the n of the
1-srs by 40%, from 1.5 to 2.1. Thus the PBG width and strength were enhanced by more than
90% and 40%, respectively. The ultimate thickness that can be achieved with this method is
determined by the periodicity and the filling fraction of the initial PhC template. The pores
of the network have a finite dimension, and it is necessary to consider that in the cladding
process. The advantages of this approach are the versatility and the fact that it can be readily
adopted to flat surfaces or to complex 3D PhCs with operating wavelengths in the NIR.
The second method consisted in the deposition of a layered-composite nanometric high-n
material on the polymer templates. By coating the Sb2Te3 thin films on the laser written
polymer templates, the n of the PhC was highly enhanced. Moreover, width, frequency and
depth of the PBG were also engineered. Optical characterisation confirmed that this method
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was able to increase the 1-srs n by 100%, obtaining an effective-n of 3. Finally, we obtained
a complete PBG that extends from 4.7 µm to 5.3 µm and a clear circular polarization gap
that extends from 4.3 µm to 5.5 µm.
The coated chiral gyroid PhCs presented in this chapter, not only can be use as starting
point for the realisation of WPs in the optical regime [30], but could also find use in a variety
of interesting applications in optics. The ability to confine and control light propagation and
the variation in the optical properties with the polarization state of the incident light in 3D
would have important implications including high-sensitivity sensors [18], on-chip optical
devices [16, 158] and quantum-optical devices [159].
In the next Chapters we show the numerial investigations and the experimental fabrication
and characterisation of topological srs-networks hosting WPs using the template fabrication
and the layered-composite nanometric hig-n material that we have introduced here.
Chapter 4
Fabrication of achiral 2-srs
microstructures
4.1 Introduction
The major aim of this thesis is to design, build, characterise and investigate three-dimensional
(3D) photonic microstructures with topologically non trivial properties. The system that
we consider in this work is the photonic Weyl point (WP) phase, an excellent platform to
investigate 3D topological bosonic states. In order to exhibit WPs isolated in frequency in the
bandstructure, a system must have achiral double-gyroid (DG) geometry, broken parity (P)
symmetry and high refractive index (n). In Chapter 3 we illustrated two methods to obtain
high-n microstructures. In this chapter we present a further step towards the experimental
realisation of photonic type I WPs in the infrared (IR) regime: we will realise and characterise
photonic crystals (PhCs) with bio-inspired DG geometry.
Specifically we aim to address the following questions:
• What is the best design for realising DG PhCs using laser fabrication methods?
• Can we fabricate DG microstructures with good mechanical strength and lack of
distortions such as shrinkage?
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• How can we avoid the substrate interference during transmission measurements?
• How the fabrication parameters affect the geometrical and mechanical properties of
the structures?
This chapter has the following structure. In Sec. 3.2 we discuss the design of achiral DG
structures that are practical to fabricate via galvo-dithered direct laser writing (GD-DLW).
Having established these design principles, in Sec. 3.3 we present our novel substrate-less
fabrication protocol to realise PhCs without background and therefore without interference
during the transmission measurements. In Sec. 3.4 we investigate the dependence of the
mechanical and geometrical properties from the fabrication parameters and we experimentally
test the optical properties of dielectric DG structures and compare the results with numerical
predictions.
4.2 Achiral 2-srs features and design
The gyroid is a continuous and triply periodic cubic morphology which possesses a constant
mean curvature surface across a range of volumetric filling fractions [46]. In order to fabricate
the structures, first we will develop three-dimensional designs, that are practically realisable
using the biomimetic achiral DG networks as a design basis. The method that we choose
to fabricate the PhCs does not replicate the curved constant mean curvature gyroid domain,
but it traces of the points of the achiral 2-srs network [82]. Whilst this would result in a
different microstructure to the constant mean curvature gyroid, it would belong to the same
symmetry group, i.e. the Ia3¯d (no. 230), and thus have the geometrical advantages that
we seek, such as cubic symmetry and interconnectivity. Moreover, by fabricating just the
achiral 2-srs network, these 3D microstructures are realisable with smaller unit cell sizes and
faster compared to different approaches as the raster scan. In Chapter 5 we will compare the
bandstructure calculations for the achiral DG and the achiral 2-srs network, showing their
equivalence as a platform for the WPs realisation.
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Fig. 4.1 View from the top ([010]) amd view from the front ([100]) of the achiral 2-srs
network. The 4 colours have been used to illustrate the 4 sub-unit cells in the srs-network
considered during the laser fabrication. Note the dotted rods belong to a different plane.
In Fig. 4.1 we plot the achiral 2-srs network. The usual unit cell configuration of the
achiral 2-srs networks is rearranged by translating certain rods to the neighbouring unit cell
in order to make a fully connected structure. Due to the symmetry of the srs network the
unit cell can be broken down into four sub-unit cells, which consist of three rods that form
a twisted (chiral) U-shape and is illustrated in Fig. 4.1 (side view) by the colours red, blue
green and cyan. The bottom layer shown in red would first be written by using GD-DLW.
The next layer shown in blue would then be written, which connects neighbouring red layers.
And then the green and cyan layers would follow similarly.
This method can be used to construct arbitrary large gyroid network structures. Fab-
rication of such a structure would consist of writing the first layer of red sub-unit cells at
the bottom of the structure (i.e. an array of quarter unit cells). This is then followed by the
fabrication of the blue layer, which connect the layer of red sub-unit cells together. Finally
the green and cyan layers are written to complete the unit cell.
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Fig. 4.2 Photonic crystal without background. In figure (a) the fabrication procedure is
depicted. 1) A rectangular hole 200 µm×3mm was laser-cut in a plastic coverslip. 2) The
negative photoresist was infiltrated into the hole. After three hours baking, a frame and
the 2-srs PhCs where laser-written inside the photoresist. 3) After the development of the
unwritten photoresist, the frame and the PhCs are free-standing across the hole. b,c) Scanning
electron microscopy images of PhCs fabricated without background.
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4.3 No-background fabrication method
Polymeric achiral 2-srs networks were fabricated by GD-DLW. A femtosecond fibre laser
beam (Fianium 532) operating at a wavelength of 532 nm, with a pulse width of 270 fs
and a repetition rate of 50 MHz, was steered by a combination of a two dimensional galvo
mirror (Thorlabs) and a 4f imaging system into a 1.4NA× 100 oil immersion objective
(Olympus). A piezoelectric nanotranslation stage (Physik Instrumente) was used to trace
out the microstructures in the photoresist while the galvo mirrors traced the beam focus in a
circle of diameter 100 nm. The experimental setup that we will use for the GD-DLW method
is illustrated in Chapter 3. A zirconium based hybrid organic-inorganic photoresist was used
to create the templates due to its excellent resistance to shrinkage [144]. The achiral 2-srs
PhCs were built in one step from the bottom by using the layer-by-layer approach described
in the previous section in order to ensure the mechanical stability of the network.
To avoid substrate interference during the transmission measurements, we developed
the substrate-less fabrication protocol illustrated in Fig. 4.2a. First, a rectangular hole 200
µm×3mm was laser-cut in a plastic coverslip. Then the negative photoresist was infiltrated
into the hole by using a syringe. After three hours baking, a frame connecting the two sides
of the hole was laser-written inside the photoresist. After thet, the 2-srs PhCs where written
between the frames. After the development of the sample, all the unwritten photoresist was
removed, and the structures result suspended across the hole in the coverslip.
The structural integrity of these microstructures was determined via scanning electron
microscopy (SEM) in Fig. 4.2b and by optical characterization, as it will be described in the
next section.
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Fig. 4.3 SEM image of srs-networks fabricated using GD-DLW demonstrating the beneficial
effects of the galvo-dithered on the mechanical strength. The power of the laser (P) is varied
from 0.70 mW to 1.20 mW and the galvo-dithered amplitude (G) is varied from 2 to 3.
4.4 Characterization
In this section we investigate the dependence of the mechanical stability from the fabrication
parameters. Moreover, we characterise the structural and the optical properties of the polymer
srs-networks fabricated using the GD-DLW method.
In Fig. 4.3 we show a scanning electron microscopy (SEM) image of four arrays of
achiral 2-srs networks, which are six unit cells wide and three unit cells tall, and have a unit
cell size of 4 µm. We have varied two parameters of the GD-DLW method. Horizontally,
we have varied the laser power(P) (0.70 < P < 1.20 mW ) and vertically we have varied the
galvo-dithered amplitude (G) 2 < G < 3 that is proportional to the voltage applied to the
galvo mirrors. One unit of G corresponds to a 0.013◦ rotation of the mirror. As the power
is increased, the polymerisation becomes stronger and the filling fraction of the polymer is
increased, leading to improved mechanical stability. Moreover, structures fabricated with
higher G are more stable comparing with structures fabricated with the same power but lower
G.
Interestingly, the use of galvo-dithered correction clearly shows that one can improve the
mechanical integrity of the srs-network by using the GD-DLW method. This allows us to
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Fig. 4.4 a) Scanning electron microscope (SEM) images of srs-networks fabricated using
DLW. b) SEM images of srs-networks fabricated using GD-DLW demonstrating the beneficial
effects of the galvo-dithered correction on the cubic symmetry of the PhCs. c) Top view of
achiral 2-srs networks fabricated along the [010] direction and along the [101] direction.
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improve the fabrication resolution in the Z direction for two reasons. Firstly, a lower laser
power can be used closer to the polymerisation threshold. Secondly, the dithered correction
causes the shortening of the fabrication voxel as shown previously in chapter three.
In order to determine if the cubic symmetry of the srs-network has been preserved
during fabrication we have taken SEM images of the srs-network fabricated with G = 0 (Fig.
4.4a) and with G = 3 (Fig. 4.4b) at an oblique angle. These images show that the use of
galvo-dithered correction causes a great improvement to the symmetry of the srs-networks
compared to the results obtained using standard DLW. In Fig. 4.4c we report SEM images of
achiral 2-srs networks fabricated with optimum power and galvo-dithered correction values
along the [010] direction and along the [-101] direction, proving the high fabrication quality
achievable with the GD-DLW method.
Furthermore, we investigated more in detail the effect of the P, the G and the stage
translation speed s on the diameter of the srs-networks rods and therefore on the filling
fraction. We obtained the information related to the rod diameter from the analysis of the
SEM images with the commercial software ImageJ. Figure 4.5a shows the relation between
P and the thickness of the srs-network rods for different values of G, while Fig. 4.5b displays
the dependence of the cladding thickness from s and P for a fixed value of G = 3. These
plots give us a precise indication about how to tune the different fabrication parameters in
order to obtain PhCs with the desired geometrical properties.
Finally, we characterize the optical properties of the achiral 2-srs PhCs performing angle-
resolved transmission measurements with a Fourier- transform infrared spectrometer (FTIR)
(Vertex 70, Bruker) and an infrared microscope. The optical transmission of the achiral 2-srs
PhCs fabricated along the [010] direction and along the [101] direction was measured at
normal incidence by using a tilted sample support and a pinhole with 6◦ illumination angle,
as described in detail in Chapter 3. In Fig. 4.6 we show theoretical and experimentally
measured transmission spectra of unpolarized light through the 2-srs PhCs in Fig. 4.4. The
photonic stop bands have been highlighted with different colours to facilitate the comparison
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Fig. 4.5 a) Thickness of the srs-network rods against the fabrication power (P) for different
values of the galvo-dithered amplitude (G). The relation is linear. b) Thickness of the
srs-network rods against the stage speed (s) for different values of P. In this case the relation
is quadratic.
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Fig. 4.6 Theoretical and experimental transmission spectra of unpolarized light through 2-srs
PhCs fabricated along the [010] direction (red) and along the [-101] (blue) direction. The
photonic stop bands have been highlight with different colours to facilitate the comparison
between theory and experiments. The wavelength region affected by polymer absorption
dips is highlighted in grey.
between theory and experiments. These experimental results are in qualitative agreement
with the numerical simulation results calculated using CST for wavelengths lower than 5.5
µm. At longer wavelengths, the experimental transmission spectra present absorption dips,
absent in the numerical calculations, which are due to the photoresist.
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4.5 Conclusion
In this chapter we illustrated the fabrication of microstructures with achiral DG geometry for
application as templates in the topological WP phase realisation.
Here we proposed a novel method to fabricate achiral 2-srs networks along the [010] direc-
tion and along the [-101] direction without any background. We discussed our methodology
to design practical structures for GD-DLW, and the substrate-less fabrication protocol that
we developed in order to avoid substrate interference during the transmission measurements.
We showed the excellent fabrication quality achievable using the GD-DLW method
through characterisation via SEM imaging and we investigated the effect of the P, the G and
the stage translation speed s on the diameter of the srs-networks filling fraction analysing the
SEM images of the structures with the commercial software ImageJ.
To conclude this chapter, we presented both experimental and numerical characterisation
of the optical response of the achiral 2-srs networks along the [010] direction and along the
[-101] direction by performing angle-resolved FTIR measurements.
In the next chapter we will numerically investigate the properties of achiral 2-srs networks
and we will discuss the applications of 2-srs networks in topology.

Chapter 5
Theoretical analysis of achiral 2-srs
photonic crystals
5.1 Introduction
Physically, topologically protected Wayl points (WPs) can exist in the momentum space of
double gyroid (DG) photonic crystals with high-refractive index (n) and broken P (inversion)-
or T (time reversal)-symmetry [29, 30, 108, 126]. If the P- symmetry is broken by a periodic
perturbation, as depicted in Fig. 5.1a, two pairs of WPs with opposite Chern number (CN), i.
e. opposite chirality, appear along Γ−H and Γ−N directions ( Fig. 5.1b).
In Chapter 3 we have illustrated the methods to obtain high-n structures and in Chapter 4
we have shown how to build polymer achiral 2-srs photonic crystals (PhCs) with periodicity
in the mid-infrared (MIR). In this chapter we want to understand how to obtain topological
PhCs starting from those polymer templates. Specifically we aim to address the following
questions:
• Is the achiral 2-srs network a suitable geometry for the realisation of the WPs?
• What is the minimum n required to observe WPs?
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Fig. 5.1 Weyl points in the Brillouine Zone (BZ) of a broken Parity-symmetry achiral double
gyroid (DG) PhCs. a) The achiral DG unit cell with Parity-symmetry broken by an air sphere.
Image adapted from Ref. [30]. b) BZ of the achiral DG PhCs where the two couples of
Weyl points with opposite chirality are illustrated on the yellow (101) plane along ΓH and
ΓN crystallographic directions. The inserts schematically represent that Weyl points are
monopoles of Berry flux in the momentum space.
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• What is the effect of the structural parameters on the WPs dispersions?
• Is there an alternative method to the air spheres to break the P-symmetry?
• Are the WP modes bright or dark?
• Are the WP modes circularly polarised?
• What are the surface states of the WP PhCs and how can they be tuned?
This chapter has the following structure. In Sec. 5.2 we show the ability of achiral 2-srs
networks to host WPs in their bandstructures by comparing the simulations results with those
of the achiral DG. In Sec. 5.3, Sec. 5.4 and Sec. 5.5 we have investigated the behaviour of
the bandstructures as n, filling fraction and perturbation size and shape change. In order to
understand the coupling between WPs modes and light, in Sec. 5.6 we calculated the Bloch
modes of the 2-srs PhCs followed by the analysis of their polarisation states and coupling to
free space plane waves, and we provide a comparison between the transmission spectra with
the band structure of the PhCs. Finally, in Sec. 5.7 we investigate the surface state of the WP
structures.
5.2 Equivalence between achiral double gyroids and achi-
ral 2-srs networks
In order to gain a physical understanding of the optical properties of the srs-network PhCs,
we shall first perform band structure calculations. In this section we numerically prove that
the achiral 2-srs network on which the DG isosurface is wrapped provides an equivalent
topology that can be fabricated via symmetry preserving micro-fabrication techniques, such
as galvo-dithered direct laser writing (GD-DLW). The curved isosurface approximation of
the gyroid surface present a number of challenges for micro-scale experimental replication,
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Fig. 5.2 Equivalence between the achiral DG structure and the achiral 2-srs network. a,
Schematic of the achiral DG structure with the P-symmetry broken by an air-sphere. b,
Schematic of the achiral 2-srs network with the P-symmetry broken by a cylindrical defect.
c, The perturbed achiral 2-srs network band structure (orange) overlaid on the DG band
structure (dashed blue) showing deviation only at high order modes.
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therefore in Chapter 4 we opted for a fabrication method that does not replicate the constant
mean curvature of the gyroid but it traces the achiral 2-srs network.
More in detail, the srs-network is a chiral network named after the Si network in the
poly-cationic SrSi2 crystal. The space group of a single srs network is I4132 and it can be
inflated with constant pressure according to the Young-Laplace equation to form the single
gyroid structure of constant mean curvature [46, 83]. As is the case in forming the DG, the
direct summation of the srs-network and its inversion counterpart yields an achiral network
belonging to space group Ia3d, hereafter referred to as the achiral 2srs-network, which is
well suited to experimental realisation, as described in Chapter 4.
The achiral 2-srs network and the DG PhCs are equivalent structures in terms of ability
to form WPs separated in momentum space, but in a small range of frequencies. This can
be verified in the band diagram in Fig. 5.2, showing the perturbed achiral 2-srs network
band structure (orange) overlaid on the DG band structure (dashed blue) with equivalent
filling fraction, permittivity and symmetry breaking conditions. The perturbed achiral 2-srs
PhCs have almost identical band structures as those defined by continuous mean curvature
DG PhCs perturbed by air spheres, showing deviation only at high order modes (Fig. 5.2).
In both cases there are two linear band-crossings along the Γ−N and Γ−H directions,
corresponding to the two WPs with opposite chirality. The other two WPs have identical
dispersions due to T- symmetry (Fig. 5.1b).
The band structures were calculated with the MIT Photonic Bands Package (http://ab-
initio.mit.edu/wiki/index.php/MPB). The calculations were performed for periodic structures
with unit cell size a = 4 µm, filling fraction ∼ 20%, defect diameter 0.14a, aspect ratio (e)
e = 1 and average n of 4. The structures are discretised across the lattice vectors with a grid
resolution of 64 pixels per lattice unit, and the dielectric function is averaged over a mesh
size of 8 at each grid point.
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Fig. 5.3 Band structures of achiral 2-srs with n of 1.5 (top) and 4 (bottom). In both cases the
filling fraction is ∼ 20%, the aspect ratio is equal to 1, and the P-symmetry is broken. The
size of the truncation is 0.15a, where a is the unit cell size.
5.3 Refractive index requirements for Weyl points
An high n it is a necessary condition to obtain WPs isolated in frequency [30]. Having WPs
isolated from other modes facilitates the detection and the observation of their properties,
and in this section we verify the minimum value of the n necessary to be able to observe the
WPs.
We calculated the band structure of achiral 2-srs structures with broken P-symmetry and
different values of n. From the simulations we deduced that for n > 3 it is possible to resolve
distinctively the WPs in a stop band along Γ−H and Γ−N directions and for n > 4 the WPs
lie in a complete bandgap (Fig. 5.3).
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Fig. 5.4 WPs robustness to the perturbation size. Photonic bandstructures of achiral 2-srs
PhCs with the P-symmetry broken by an air-sphere of radius d. From left to right the
P-breaking strength is increased, showing the WPs robustness to the perturbation size. The
unit cell size is a = 4 µm.
5.4 Parameter map
In this section we investigate the role of structural parameters on the achiral 2-srs band struc-
ture. With this study we aim to understand the behaviour of the band structure and confirm
the presesence of WPs when the filling fraction and the dimension of the periodic defect
that we use to break the P- Symmetry are varied. In this way the appropriate experimental
conditions can be targeted. In Fig. 5.4 we plot the photonic bandstructures of the achiral
2-srs PhCs with the P-symmetry broken by an air-sphere of radius d. From left to right
the P-breaking strength (d) is increased, showing that, as expected [30], the perturbations
can only shift the location of the nodal points without opening a gap, which makes a WP
absolutely robust in momentum space. The WPs disappear from the bandstructure only when
the dimension of d become large enough to change the global symmetry of the structure.
In Fig. 5.5 we report a map for the WPs in a complete PBG (pink), WPs in a pseudo-PBG
(dark blue), and no WPs (light blue) as a function of the dimension of the periodic defect used
to break the P-Symmetry (the diameter of the air-sphere that perturbs only one srs network)
and the thickness of the achiral 2-srs network rods. Interesting we find that the parameters
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Fig. 5.5 Parameter map. Map for the Weyl point in a complete PBG (pink), Weyl point in a
pseudo-PBG ( dark blue), and no Weyl point (light blue) as a function of the dimension of the
periodic defect used to break the P-Symmetry and the thickness of the 2-srs network rods.
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can be tuned significantly, sign that the presence of Weyl points in the band structure is robust
as predicted theoretically [160].
5.5 Symmetry breaking
In order to obtain isolated WPs either P (inversion)- or T (time reversal)-symmetry must be
broken [30]. Since the objective of this thesis is to fabricate WP structures with operative
wavelength in the MIR regime, we choose to break P-symmetry instead of T-symmetry to
avoid the use of magneto-optic materials that are difficult to find and work with. Under pure
P-symmetry breaking, two pairs of WPs with opposite chirality emerge in the Brillouin zone
of the DG (Fig. 5.1b).
The theoretical model uses an air sphere periodically placed in only one of the two
gyroids (Fig. 5.6a) [30]. However, the use of void spheres for P-symmetry breaking in
present challenges for the micro-scale experimental replication. We simulate equivalent
ways to break the P-Symmetry suitable for laser fabrication. In Fig. 5.6b we can see three
equivalent ways to break P-symmetry suitable for laser fabrication. As an example we report
the band structure of an achiral 2-srs with unit cell size a, filling fraction ∼ 20%, aspect
ratio equal 1, n of 4 and P-symmetry broken by a net truncation of the srs network rod as
schematized in orange in Fig. 5.6b. In this case the size of the truncation is 0.15a.
5.6 Spin-angular momentum coupling with Weyl points
To predict the transmission characteristics of the WP modes, we calculated the band structure
of the achiral 2-srs with broken P-symmetry and analysed each Bloch mode for its coupling
amplitude to a wave of arbitrary polarization, which has been shown to be a useful measure in
providing intuition into the full scattering problem [161]. To investigate the transmission at
the wavelengths corresponding to the WPs, the coupling index (β ) and the circular dichroism
index C were calculated for each mode.
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Fig. 5.6 Parity-Symmetry breaking of achiral 2-srs networks. a) Schematic of a 2-srs rod
broken by an air sphere. b) Schematic of three different geometries that are equivalent to
the air-sphere and suitable for DLW fabrication. c) Band structure of an achiral 2-srs with
unit cell size a, filling fraction ∼ 20%, aspect ratio equal 1, n of 4 and P-symmetry broken
by a net truncation of the srs network rod as schematized in orange in (b). The size of the
truncation is 0.15a.
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Fig. 5.7 a) Real-space geometry of an achiral 2-srs network with broken P-symmetry. The
two srs-networks are inversion pairs with respect to the origin (o). The structural symmetry is
broken by a periodic truncation (black circle) of one of the srs-nets (the green one) along the
[101] direction. b) Photonic band diagram of the achiral 2-srs PhC with broken P-symmetry.
The WPs are highlighted by the two circles. The size of the dots of the plot indicates the
mode coupling index, β .
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After solution of each frequency eigenvalue, the corresponding magnetic eigenfield with
wave vector is analysed for its degree of circular dichroism and for its coupling amplitude
to a wave of arbitrary polarization. The Bloch modes have been calculated using the MIT
photonic bands (MPB) software package. The time-averaged magnetic fields are expressed
in Bloch modes, Hk,n(r) = ∑G hGei(k+G)·r where k is the wave-vector of the Bloch mode of
mode n and G is the Fourier series frequency of the magnetic field hG. The frequency of the
Bloch modes are related to the wave-vector by the dispersion relation ωn(k). These magnetic
fields are then clipped at 64 planes within the PhC, and the two dimensional fields at that
plane are analysed. The circular polarisation state of the Bloch modes was then analysed for
a wave incident on the PhC with wave-vector q, by calculating the circular dichroism index,
C, which is given by [34]:
C = sgn(q ·∇kω(k))
(C+k,n−C−k,n)
(C+k,n+C
−
k,n)
, (5.1)
where
C+k,n =
∣∣∣∣∣∑G (ex+ iey) ·hG
∫
P
ei(k+G)·rdxdy
∣∣∣∣∣ , (5.2)
where ex and ey are the identity vectors along the X and Y directions, respectively, P is the
clipping plane of the three dimensional PhC and sgn is the sign function. When C=+1 the
Bloch mode at that plane in the PhC is 100% right handed circularly polarised (RCP) and
when C = 1 it is 100% left handed circularly polarised (LCP). A value of C = 0 means the
Bloch mode has no preference to either left or right circular polarisation. To determine how
strongly light couples to these Bloch modes, we have defined the coupling coefficient β ,
which by the average of the coupling to both the RCP and LCP modes:
βk,n =
(C+k,n+C
−
k,n)
2
. (5.3)
The β coefficient expressing the coupling strength in the band diagrams in Fig. 5.7 is
represented as the size of the plot. The theory shows that a low coupling (β < 0.02) between
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both band 4 and band 5 along the Γ−H direction. Along theΓ−N direction, however,
b4 shows a stronger coupling (β ∼ 0.3) while, for band 5, β remains smaller than 0.055.
When considering the coupling strength of each mode, the transmission spectra can be more
accurately compared with the band structure.
Whilst the complete transmission characteristics depend on solution to the full scattering
problem as well as on modal symmetries, finite size effects, radiation lifetimes, group
velocities, and Berry-curvature-induced anomalous velocities the circular dichroism and
coupling indices used here have been shown to provide useful and accurate intuition into the
transmission behaviour of chiral photonic crystals.
The WPs along the Γ−H and Γ−N directions possess positive and negative chirality
respectively, which results in the opposite behaviours when they are coupled with spin-angular
momentum of light. To illustrate this mechanism, in addition to the coupling amplitude
to a wave of arbitrary polarisation, we plot the coupling probability to a single circularly
polarised wave. The band structure and the theoretical and experimental transmission
spectra along the [010] and [-101] directions, are illustrated in Fig. 5.8a and Fig. 5.8b
respectively. The transmission spectra simulations were performed using the finite element
method software (CST Microwave Studio). The numerical simulations assumed periodic
boundary conditions laterally and four unit cell repetitions along the propagation direction,
i.e., along the [010] and the [-101] directions. The effect of the converging beam (3◦) was
taken into consideration by using a moving-average filter to approximate the experimental
focusing conditions numerically from a single normal-incidence numerical simulation.
In particular, in the wavelength region corresponding to the WPs modes, reversible
circular dichroism (CD) is seen along the directions that intersect the oppositely charged
WPs, while no significant CD is expected away from the line point degeneracies ( Fig. 5.9).
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Fig. 5.8 Band structure, simulated and measured transmission at normal incidence, along the
Γ−H [010] direction (a) and the Γ−N [-101] direction (b) for the achiral 2-srs PhCs with
broken parity-symmetry, unit cell size a = 4 µm, filling fraction f ∼ 21% (radius ∼ 0.074a),
defect diameter 0.14a, aspect ratio 1 and n= 3.4. In the band diagrams, the colour represents
the circular dichroism index of the modes, C, while the size of the dots indicates the mode
coupling index, β .
5.7 Surface states
In this section we study the surface states associated with WP structures.
As previously discussed at the beginning of the Chapter, when the CNs of the individual
bands below the WPs frequency are summed on any closed 2D surface in the 3D Brillouin
zone containing a WP, the result is ±1. As a result of the non-zero CNs of all the lower
bulk bands, there are topologically protected gapless chiral surface states inside the bandgap
(between fourth and fifth bands) away from the WPs. This is a higher-dimensional general-
ization of the protection of one-way chiral edge states by the non-zero CNs of the 2D bulk
bands [30, 31, 107].
In order to study the surface states, we constructed an interface between the achiral 2-srs
PhC and a chiral 1-srs PhC by removing only the perturbed gyroid Fig. 5.10. The surface
states are trapped by the pseudo-gap of the achiral 2-srs PhC and the full gap of the chiral
1-srs PhC. An example of the non-trivial gapless surface dispersion, along a line cut in the
2D surface Brillouin zone is plotted in Fig. 5.11. In green is highlighted a plane in the 3D
Brillouin zone that encloses unpaired WPs has non-zero CNs. The surface states associated
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Fig. 5.9 Theoretical CD along different crystallographic directions. a, Simulated CD as a
function of the wavelength along the Γ−H [010] direction (red frame), the Γ−N [-101]
direction (blue frame) and the Γ−N′ [101] direction (red frame). The CD spectra is defined
as CD = (TLCP−TRCP)/(TLCP+TRCP), which measures the difference of transmission (T)
for LCP and RCP beams, respectively. a, In the case of the achiral 2-srs network with the
preserved parity-symmetry the CD is absent along any direction. b, When the P-symmetry is
broken, in the wavelength region corresponding to the WPs modes (highlighted in the plots),
CD is positive along the Γ−H direction and negative along the Γ−N direction, in agreement
with the chirality of the WP intersected. Along the Γ−N′ direction there is no significant CD
in any case. The achiral 2-srs PhCs have unit cell size a = 4 µm, filling fraction 21% (radius
0.074a), aspect ratio 1 and n = 3.4 and in the case of broken P-symmetry defect diameter
0.14a.
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Fig. 5.10 Schematic of a supercell consisting of 10 unit cells (6 achiral 2-srs unit cells and 4
1-srs unit cells).
with this plane have therefore flat and protected gapless dispersions. The projected bulk
states are plotted in blue in the surface bandstructure, and the gapless surface state dispersion
relation is plotted in red.
The presence of the 1-srs network breaks the periodicity of the achiral 2-srs network
lattice, requiring the creation of a supercell over which the structure is assumed periodic.
The defect modes are calculated with a supercell method using the same software, MIT-mpb
photonic bands. In these calculations, a supercell consisting of 10 unit cells (6 achiral 2-srs
unit cells and 4 1-srs unit cells) was used in order to obtain well localized surface modes (Fig.
5.10).
We define a termination parameter τ (0 < τ < a) to indicate the termination positions
along the [010] direction. τ = 0 is set at the origin of the unit cell, as shown in Fig. 5.10.
We calculate the surface dispersion for different values of τ and along different directions:
P′−P′′ (Fig. 5.12) and N−N′ (Fig. 5.13).
Since T-symmetry is not broken in this example, the surface dispersions are degenerate
between k and 2k while the CN flips sign. In Fig. 5.13 we can verify that, similar to the Fermi
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Fig. 5.11 Left: in green is highlighted a plane in the 3D Brillouin zone that encloses unpaired
Weyl points has non-zero Chern numbers. The red and blue colours indicate the opposite
Chern numbers of the Weyl points. Right: the surface states associated with this plane have
protected gapless dispersions here plotted in red. In blue are plotted the bulk modes.
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Fig. 5.12 Surface dispersions along the P′−P′′ direction localized at the interface between
the perturbed achiral 2-srs PhCs and the 1-srs PhCs as the τ parameter is varied.
arcs in Weyl semimetals [108, 109, 115], at the frequency of the Weyl points, the surface
dispersions connect the WPs (of opposite chirality) as line segments that do not close in the
surface Brillouin zone.
The above analysis on surface modes applies for surfaces terminated along other direc-
tions and for other WP-phases as well [31, 107, 126].
5.8 Conclusion
In this chapter we have proven the ability of achiral 2-srs network PhCs with broken P-
symmetry to host two pairs of opposite charged WPs when the P-symetry is broken by an
arbitrary shaped defect. We have numerically investigated in detail the band structure and the
optical properties of achiral 2-srs networks with a broad range of parameters configurations.
This gave us the opportunity to understand the robustness of the bandstructure of these PhCs,
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Fig. 5.13 Surface dispersions along the N−N′ direction localized at the interface between
the perturbed achiral 2-srs PhCs and the 1-srs PhCs as the τ parameter is varied.
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which is due to the topological nature of WPs. Moreover, we investigated the geometrical
parameters of the WPs PhCs in order to understand where to target our fabrication efforts.
To predict the transmission characteristics of the WP modes and the response of the
opposite charged WPs to different light polarizations, we calculated the band structure
of the achiral 2-srs with broken P-symmetry and analysed each Bloch modes for their
coupling amplitude to waves of arbitrary polarization. We studied the coupling between
opposite charged WPs and the spin andgular momentum of light. We discovered a WP-
induced mechanism that leads to reversed CD along the directions that intersect the oppositely
charged topological photonic states. Finally we investigated the behaviour of the topologically
protected surface states when the surface terminations vary.
In the next chapter we will present the novel route that we developed for the experimental
realisation of photonic type I WPs in the IR. After that, we will show the characterization
of the PhCs and the investigation of the chiral character of the opposite charged WPs using
circularly polarized light.
Chapter 6
Experimental observation of optical type
I Weyl points in bioinspired photonic
crystals
6.1 Introduction
In condensed-matter systems, the study of the quantum Hall effect has resulted in a revolution-
ary classification of matter based on the concept of topological orders and the realisation of
topological insulators (TI) [101]. The investigation of the three-dimensional (3D) topological
states has led to the discovery of type I Weyl semimetals [107, 108, 160], which are the gap-
less topological phase of matter and can be seen as the 3D analogues of graphene [162]. The
signatures of type I Weyl semimetals are Weyl points (WPs), topologically protected 3D-point
degeneracies between two linear dispersive bands, near which quasi-particles are described
by the massless solutions to the Dirac equation predicted by Hermann Weyl [13]. Due to their
topological nature, WPs are associated with exotic phenomena including Fermi-arc-based
quantum oscillations [26, 31, 107, 116], unconventional superconductivity [117], quantum
anomalous Hall effect [118], as well as chiral anomalies [119]. The WP-induced chirality
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Fig. 6.1 a) Real-space geometry of an achiral 2-srs network with broken P-symmetry. The
two srs-networks are inversion pairs with respect to the origin (o). The structural symmetry
is broken by a periodic truncation (black circles) of one of the srs-nets (the green one) along
the [101] direction. b) Partial cross-sections of the Γ−H−N Brillouin zone planes for the
2-srs network. The WPs investigated in this work lie in the yellow (101) plane. The cartoon
illustrates the different directions considered in the experiments and the real space geometry
of the corresponding surfaces. The periodic truncations are highlighted by black circles.
Image adapted from [66].
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always appears in pairs with oppositly signed Chern numbers (CNs) defining quantized
topological charges.
Physically, topologically protected WPs can exist in momentum space of electromagnetic-
wave systems [114]. However, the demonstration of such WPs in microwave materials [29],
cannot harvest the full potential of these topological systems as the application in integrated
photonic devices [8, 96, 163]. More importantly, the chirality of the WPs, which is one of
the key features in Weyl semimetals [164], has been completely ignored in the previous
photonic effort [29]. In fact, the photonic WPs could result in a new platform of manipulating
spin-angular momentum and thus reversed circular dichroism (CD) along the directions that
intersect the oppositely charged topological photonic states. As illustrated in Fig. 6.1a, it has
been predicted [30], and shown [29], that photonic isolated WPs can be found in PhCs with:
1. high- refractive index n,
2. Ia3¯d geometry (achiral double gyroid (DG) or achiral 2-srs network),
3. broken P-Symmetry,
In the previous chapters we illustrated how to realise high-refractive index (n) PhCs (point
1) with achiral 2-srs geometry (point 2). In this chapter, we use this knowledge and present a
novel route for the experimental realisation of photonic type I WPs in the mid-infrared (MIR)
regime. In order to achieve this milestone we have addressed the following questions in this
chapter:
• Can achiral 2-srs photonic crystals (PhCs) with broken P-Symmetry and high n be
fabricated with sufficient accuracy to exhibit WPs?
• How can we prove the presence of WPs in the PhCs?
• What are the optical properties of the WP PhCs?
• How does the chiral nature of the WPs couple with spin-angular momentum carried by
circularly polarised light?
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Fig. 6.2 Fabrication method of topological PhCs for mid-infrared frequencies. a, DLW is
achieved by focusing a femtosecond laser beam into a negative-tone photoresist. After the
development, a gyroid PhC is generated. The polymer is uniformly coated with a high-n
Sb2Te3, leading to core-cladding structure with an effectiven of 3.4. Image adapted from
[66].
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This chapter has the following structure; in Sec. 6.2 we explain the general requirements
to fabricate the WPs PhCs and method that we develop to fulfil those requirements. In Sec.
6.3 and Sec. 6.4 we report our experimental results of the fabrication of achiral 2-srs PhCs
with broken P-symmetry and high n. After that, we present the characterization of the PhCs
in Sec. 6.5. In Sec. 6.6 we investigate the chiral character of the opposite charged WPs and
finally, in Sec. 6.7 we discuss our results.
6.2 Fabrication method
To access the MIR regime, in this thesis we choose to break P-symmetry instead of T-
symmetry to avoid using magneto-optic materials that are difficult to find and work with.
Under pure P-symmetry breaking, two pairs of WPs with opposite chirality emerge in the
Brillouin zone of the Ia3¯d structure along the Γ−N and Γ−H directions (Fig. 6.1b).
To fulfil all the requirements listed above and experimentally build the WPs PhCs, we
developed a strategy that consists of three parts:
• fabricate polymer achiral 2-srs PhCs via galvo-dithered direct laser writing (GD-DLW),
as illustrated in Chapter 4,
• breake the P-Symmetry by incorporating a periodic defect in the polymer template,
• acheive a high-n by depositing a layered-composite nanometic material on the polymer
templates via atomic layer deposition (ALD).
6.3 Achiral 2-srs with broken parity symmetry
Polymeric achiral 2-srs networks were fabricated by GD-DLW, a method described in Chapter
3 and Chapter 4. The fabrication procedure is illustrated in Fig. 6.2. An ultra-fast laser is
focused inside the volume of a transparent photoresist, that absorbs two or more photons and
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Fig. 6.3 Scanning electron microscopy (SEM) images of the achiral 2-srs PhC with broken
P-symmetry. The (010) surface is framed in red and the (-101) surface is framed in blue. The
scale bars are 1 µm. The perturbed networks are marked by dotted-lines and the periodic
truncations are highlighted by circles. Image adapted from [66].
polymerizes the resist locally. The laser beam is first focused inside the photoresist material
and then scanned according to the pre-defined design. The development washes away the
unwritten material, revealing the patterned structure. The experimental setup that we use for
the GD-DLW method is illustrated in Chapter 3. A zirconium based hybrid organic-inorganic
photoresist was used to create the templates due to its excellent resistance to shrinkage [165].
Using this symmetry-preserving two-photon lithography method, it is possible to accurately
create the cylindrical segments of the achiral 2-srs network with cubic symmetry, good
mechanical strength and high resolution.
The theoretical model uses an air sphere periodically placed in only one of the two
gyroids [30]. However, the use of void spheres for parity symmetry breaking presents a
number of challenges for micro-scale experimental fabrication. In Chapter 5 we simulate and
then realize here an equivalent way to break the P-Symmetry suitable for laser fabrication.
The SEM images in figure Fig. 6.3 show the experimental implementation of the breaking of
P-Symmetry in 2-srs fabricated along different crystallographic directions using a periodic
gap in one of the two nets. The polymer templates have unit cell size a = 4 µm and filling
fraction 16% (radius 0.055a). The overall size of the structure is 64 µm3, corresponding to
16 unit cells.
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Fig. 6.4 Circular dichroism in perturbed achiral 2-srs PhCs. Theoretical and experimental
transmission of achiral 2-srs PhCs with n= 1.5 and increasing size of the periodic defect that
breaks the P-Symmetry (from left to right). Blue and red spectra represent the transmission
for left and right circularly polarized light respectively.
Achiral 2-srs polymer templates are built along the [010] and [-101] directions (Fig.
6.3), in order to probe at normal incidence the WPs along the Γ−N and Γ−H directions,
respectively. To avoid substrate interference during the transmission measurements, we
adopted the substrate-less fabrication protocol illustrated in Section 4.3.
In order to investigate the optical properties of the srs-networks, and in particular the
the effect of the perturbation size, we experimentally measure the transmission of circularly
polarised light through the structures via angle-resolved Fourier transform infrared spec-
troscopy (FTIR) measurements, using the method described in in Chapter 3. The results
of the transmission measurements for the polymer PhCs with different perturbations are
reported in Fig. 6.4 and compared with the numerical simulations, performed with CST
Microwave Studio. As expected, as the size of the perturbation increases, we can see an
148
Experimental observation of optical type I Weyl points in bioinspired photonic
crystals
Fig. 6.5 Effect of a high n cladding on polymer templates. a, Schematic of a section of
a polymer rod coated with high n material. Band structure of the achiral 2-srs network
core-cladding geometry for different cladding thicknesses: t/a=0.007, b, t/a=0.01, c, t/a=0.02,
d. Filling fraction of the core f = 15%, lattice constant 4 µm, n of the coren(core)=1.5, n of
the cladding n(cladding)= 5. Image from [66].
increment in the differentiation in the transmission of left circularly polarized light (LCP)
and right circularly polarized light (RCP), resulting in an increasing circular dichroism (CD).
6.4 High refractive index inversion
Since it is not possible to directly write a PhC with a n close to 4 in the MIR, in order to
realise WPs in PhCs in this wavelength region, we created a layered-composite structure
consisting of polymer cores fabricated by GD-DLW and subsequently coated by high-n
nanometric material.
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Fig. 6.6 Scanning electron microscopy (SEM) images of the achiral 2-srs PhC with broken
P-symmetry coated with Sb2Te3. The (010) surface is framed in red and the (-101) surface is
framed in blue. The scale bars are 1 µm. The perturbed networks are marked by dotted-lines
and the periodic truncations are highlighted by circles. Image adapted from [66].
We first numerically investigate the effect of the high-n layered-composite on the polymer
templates, to understand how to tune the fabrication parameters and obtain WPs isolated in
frequencies. In Fig. 6.5 we can see that if the ration between cladding thickness t and unit
cell size a is t/a∼ 0.02, it is possible to obtain WPs isolated in frequency. This core-shell
structure is equivalent to a uniform structure with the same geometrical parameters and
average n of 3.4. The band structures were calculated with the MIT Photonic Bands Package
(http://ab-initio.mit.edu/wiki/index.php/MPB). The calculations were performed for a 2-srs
network with unit cell size a = 4 µm, filling fraction ∼ 20% (radius 0.074a), defect diameter
0.14a, aspect ratio equal 1 a. The n of 1.52 was used for the polymer networks and for the
cladding layer was used a n of 5. Each nano-structure is discretised across the lattice vectors
with a grid resolution of 64 pixels per lattice unit, and the dielectric function is averaged over
a mesh size of 8 at each grid point.
Our fabrication process of high-n 2-srs PhCs with broken P-symmetry for mid-IR frequen-
cies is outlined in Fig. 6.2. The polymer templates are uniformly coated with a high-n Sb2Te3
via atomic layer deposition (ALD), leading to core-cladding structures with an effective n of
3.4, as demonstrated with numerical simulations in Fig. 6.5.
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Fig. 6.7 Photoresist and antimony telluride optical characterisation. FTIR transmission
measurements of 10 µm of the polymerized photoresist, a, and 20 nm of the Sb2Te3 thin film
on the NaCl substrate, b. Image from [66].
The cladding is realised by the atomic layer deposition (ALD) of 110 nm of antimony
telluride (Sb2Te3) thin films. The experimental procedure is described in detail in Chapter 3,
Section 7. This material is chosen because of its high n of 5 and good transparency at MIR
wavelengths (Fig. 6.7).
We were able to indirectly confirm the n of the films using by two independent means.
First, short wavelength elipsometry was utilised to measure the n from 400 nm to 1600 nm
(Chapter 3), with comparison to existing literature showing good agreement in within this
range, enabling us to reliably assume the n at MIR wavelengths as reported in Ref. [156],
where the n value of up to 5 was obtained from 2 to 15 µm. Second, we utilised numerical
simulations and experimentally measured geometrical parameter to fit both the polymer
template and Sb2Te3 n coefficients to the experimental results. This confirmed both the n of
the polymer templates was n=1.5 [16], and that the 90 nm thin film Sb2Te3 has a n 5 at MIR
wavelengths.
At these thicknesses, the coating is deep sub-wavelength in scale and the structure can be
considered as an effective medium with n = 3.4, as proven in Fig. 6.5.
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Furthermore, the individual Sb2Te3 crystals produced in the coating method are also
deep sub-wavelength, and contribute negligibly to scattering losses. This approach has the
advantage of creating a tuneable and homogenous coating on the entire surface of the 3D
structure, overcoming the issue related to directional coating techniques, such as thermal
evaporation or chemical vapour deposition. Scanning electron microscope (SEM) images of
the core-shell achiral 2-srs network fabricated in the two directions (Fig. 6.8)confirm that the
Sb2Te3 material homogeneously coats the rods of the achiral 2-srs network deep inside the
structure, preserving the stability and the global symmetry of the 3D PhC.
6.5 Characterization
We first prove the presence of light modes in the wavelength regions where the WPs are
expected. The optical response of the core-shell PhCs was obtained by performing angle-
resolved transmission measurements using a Fourier-transform infrared spectrometer (FTIR)
(Vertex 70, Bruker) coupled with an infrared microscope (Bruker Hyperion 2000). Measuring
the total transmission through 2-srs PhC, we confirm that the deposition of antimony telluride
changed dramatically the transmission of the structures, inducing a redshift of more than 2.5
µm.
In Fig. 6.9 we compare the transmission of the polymer templates and the transmission
of the same structure after the deposition of 20 nm and 100 nm of Sb2Te3. We performed
angle-resolved FTIR transmission measurements on the PhC sample to probe the dispersions
of the 3D bulk states. As shown in Fig. 6.10a, we measured transmission along the [010]
(red) and [-101] (blue) directions, to probe the Γ−H and Γ−N directions, respectively, as
shown in the schematic of the experimental setup. The illumination angle, α , was limited
to ±3◦, and the incident angle, Θ, was scanned by rotating the PhC. The theoretical and
experimental transmission spectra containing all the contributions from the dispersions along
the [010] and [-101] directions projected together are shown in Fig. 6.10c and Fig. 6.10d,
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Fig. 6.8 Antimony telluride coating. a, Refractive index (n) and extinction coefficient (k) of
Sb2Te3 measured by ellipsometry. b, EDX spectrum of a polymeric PhC coated with Sb2Te3
via ALD. c, SEM images of achiral 2-srs PhCs coated with Sb2Te3 via ALD. The scale bars
are 1 µm. Image from [66].
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Fig. 6.9 a) Schematic of the polymeric 2-srs rod (blue) coated with high-n materials in two
different deposition cycles. b) FTIR Characterization. Total transmission of 2-srs polymer
template before ALD (blue curve) and after one (green curve) and two (red curve) ALD
cycles where 20 and 50 nm of Sb2Te3 where deposited respectively. The measurements were
performed with a Bruker FTIR at normal incidence. Image adapted from [66].
respectively. The outlines of the transmission spectra around 5.7 µm and 5.6 µm in Fig.
6.10c (red frame) and Fig. 6.10d (blue frame) respectively, clearly show the presence of
states associated with the WPs along both the crystallographic directions.
In order to investigate the behaviour of the bulk states in reciprocal space, we studied
the transmission at 15◦ from normal incidence along the Γ−H ′ and Γ−N′ directions. The
theoretical and experimental results are shown in Fig. 6.10c and Fig. 6.10d (black frames).
When increasing the incidence angle Θ, the component of the incident wavevector parallel to
the sample surface k0 sinΘ is conserved up to a reciprocal lattice vector of the sample lattice,
due to the discrete translational symmetry.
The transmission spectra simulations were performed using the finite element method
software (CST Microwave Studio). The numerical simulations assumed periodic boundary
conditions laterally and four unit cell repetitions along the propagation direction, i. e., along
the [010] and the [-101] directions. The effect of the converging beam (3◦) was taken
into consideration by using a moving-average filter to approximate the focusing conditions
numerically from a single normal-incidence numerical simulation.
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Fig. 6.10 a, First BZ of the achiral 2-srs PhCs and the measured wave-vectors within the
α = 3◦ half apex angle around the [010] direction (red cone) and the [-101] direction (blue
cone). b, Schematic of the FTIR transmission measurement geometry.c, Band structure,
simulated and measured transmission at normal incidence, along the Γ−H [010] direction
(framed in red) and at 15° incidence, along the Γ−H ′ [.16 .16 .84] direction (framed in
black). d, Band structure, simulated and measured transmission at normal incidence, along
the Γ−N [-101] direction (framed in blue) and at 15° incidence [.63 -.37 0] (framed in black).
The achiral 2-srs PhCs have unit cell size a = 4 µm, filling fraction ∼ 21% (radius 0.074a),
defect diameter 0.14a, aspect ratio 1 and n= 3.4. Image adapted from [66].
6.5 Characterization 155
Fig. 6.11 Theoretical and experimental transmission spectra at different incident angles. a,
Theoretical and experimental transmission spectra at different angles from the Γ−H [010]
direction. b, Theoretical and experimental transmission spectra at different angles from the
Γ−N [-101] direction. Image adapted from [66].
All the bulk states of the same wavevector projection and frequency could be excited
in the bulk and exit the sample in the same direction as the incident beam. As Θ increases
from 0◦ to 15◦ we probed k vectors away from the WP and observe the opening of a small
photonic stop band between band four (b4) and band five (b5). The agreement between
theory and experiment illustrates the high quality of the structures. Other crystallographic
directions were tested and the results are reported in Fig. 6.5.
To understand the transmission characteristics of the WP modes observed in Fig. 6.10c
and Fig. 6.10d, we calculated the band structure of the achiral 2-srs with broken P-symmetry
and analysed each Bloch mode for its coupling amplitude to a wave of arbitrary polarization,
which has been shown to be a useful measure in providing intuition into the full scattering
problem. To investigate the low transmission at the wavelengths corresponding to the WPs,
the coupling index β was calculated for each mode (see Section 5.6) [161]. The coupling
strength in the band diagrams is represented as the size of the plot. The theory shows that a
156
Experimental observation of optical type I Weyl points in bioinspired photonic
crystals
Fig. 6.12 Moving-average filter. a, Simulated transmission of the achiral 2-srs PhCs with
broken P-symmetry along the [010] direction at normal incidence. b, Transmission averaged
over the 3circ half apex angle around the [010] direction. Image adapted from [66].
low coupling (β < 0.02) between both b4 and b5 along the Γ−H direction. Along the Γ−N
direction, however, b4 shows a stronger coupling (β ∼ 0.3) while, for b5, β remains smaller
than 0.055. When considering the coupling strength of each mode, the transmission spectra
can be more accurately compared with the band structure. For small angles of incidence,
changes to the incident angle red/blue shift the incident spectra due to small variations in the
length of the k-vectors.
A moving-average filter was therefore used to approximate the focusing conditions
numerically from a single normal-incidence numerical simulation (Fig. 6.12).
In Fig. 6.13 we report a complete numerically illustrated angularly resolved maps of the
WPs. By comparing our select experimental angle measurements to the equivalent angles
from the simulated map (Fig. 6.13), we find excellent agreement and conclude the presence
of the WPs.
6.6 Spin-angular momentum coupling with Weyl points
After proving the presence of light modes in the wavelength regions where the WPs are
expected, we verify the chiral character of the oppositely charged WPs.
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Fig. 6.13 Angle-map. Simulated total trasmission of achiral 2-srs PhCs with broken P-
symmetry, unit cell size a = 4 µm, filling fraction ∼ 21% (radius ∼ 0.074a), defect diameter
0.14a, aspect ratio 1 and n = 3.4 as a function of the angle θ . Image adapted from [66].
The WPs along the Γ−H and Γ−N directions possess positive and negative chirality
respectively, which results in the opposite behaviours when they are coupled with spin-
angular momentum of light. In particular, in the wavelength region corresponding to the WPs
modes, reversed CD is expected along the directions that intersect the oppositely charged
WPs, while no significant CD is expected away from the line point degeneracies ( Fig. 5.9).
To illustrate this mechanism, we studied the interaction between the WPs and spin-angular
momentum carried by circularly polarised light by measuring the transmission along the
different crystallographic directions. As schematically illustrated in Fig. 6.14 and in Fig.
6.15a, the transmission intensity strongly depends on the circular polarization state of the
incident wave, as well as the angle of incidence, according to the chirality of the WPs that
lies on that specific direction. Furthermore, in addition to the coupling amplitude to a wave
of arbitrary polarisation, the Bloch modes can be analysed for their coupling probability to a
single circularly polarised wave. The band structure and the theoretical and experimental
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Fig. 6.14 The topological charge of the WPs results in the coupling of spin-angular momentum
of light. The oposite charged WPs couple with opposite circular polarisation of light resulting
in opposite CD. The inserts show expected CD as a function of the wavelength along the
Γ−H [010] direction (red frame) and along theΓ−N [-101] direction (blue frame). The
CD spectra is defined as CD = (TLCP−TRCP)/(TLCP+TRCP), which measures the difference
of transmission (T) for LCP and RCP beams, respectively. The transmission spectra are
compared with the corresponding bandstructures.
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transmission spectra along the [010] and [-101] directions, are illustrated in Fig. 6.15b and
Fig. 6.15c respectively.
The measured transmission spectra show that the WP modes along the Γ−H and Γ−N
directions couple with the left-handed circularly polarised (LCP) and right-handed circularly
polarised (RCP) beams, respectively, quantitatively agreeing with the numerical simulations.
Moving away from the Γ−H and Γ−N directions, we observed a drop in CD and the
opening of a photonic bandgap in the wavelength region corresponding to the WPs modes
(6.17). The reversed CD around the WPs frequencies, positive along the [010] direction (LCP
is transmitted to a greater extent than RCP), and negative along the [-101] direction (RCP is
transmitted to a greater extent than LCP), is consistent with the chirality of the WPs that lie
on those directions and proportional to the coupling strength (Fig. 6.15 and Fig. 6.16). Since
this kind of CD originates from the chirality of a given WP, and therefore from the CN, it is
protected by the robust topology of the system.
We also observe CD away from WP (Fig. 6.17). This is explained considering that CD
observed in the transmission spectra does not originate solely from the presence of the WPs.
Most (but not all) chiral structures will possess Bloch modes that are circular polarised to
some degree. This in turn, may lead to the presence of CD at various points within a band
structure. Our geometry, which becomes chiral after the P-Symmetry breaking operation,
is no exception. A number of Bloch modes not associated with the point degeneracy are
circularly polarised and contribute to CD.
6.7 Conclusion
In this chapter we have shown that using GD-DLW and ALD of high-n layered-composite
nanometric material, it was possible to fabricate high quality achiral 2-srs PhCs with P-
symmetry broken by a periodic defect, and high-n.
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Fig. 6.15 a, Schematic illustration of the left/right-handed circularly polarised optical set
up for the polarisation-resolved transmission measurements. Band structure, simulated and
measured transmission at normal incidence, along the Γ−H [010] direction, b, and the Γ−N
[-101] direction, c, for the achiral 2-srs PhCs with broken P-symmetry, unit cell size a = 4
µm, filling fraction ∼ 21% (radius ∼ 0.074a), defect diameter 0.14a, aspect ratio 1 and n =
3.4. In the band diagrams, the colour represents the CD index of the modes, C, while the
size of the dots indicates the mode coupling index, β . The different transmission spectra for
right-handed (continuous line) and left-handed (dotted line) circularly polarised light, probe
the chirality of the two oppositely charged WPs along the two different crystallographic
directions, the Γ−H (red) and Γ−N (blue) directions. Image adapted from [66].
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Fig. 6.16 Theoretical and experimental CD as a function of the wavelength along the Γ−H
[010] direction (red frame) and along theΓ−N [-101] direction (blue frame). The CD
spectra is defined as CD = (TLCP−TRCP)/(TLCP +TRCP), which measures the difference
of transmission (T) for LCP and RCP beams, respectively. The transmission spectra are
compared with the corresponding bandstructures.
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Fig. 6.17 Band structure, simulated and measured transmission moving away from the
Γ−H and Γ−N directions. Band structure, simulated and measured transmission at 15◦
incidence from the Γ−H [010] direction, along theΓ−H ′ [.16 .16 .84] direction, a, and at
15◦ incidence from the Γ−N[-101] direction, along the Γ−N′[.63 -.37 0] direction, b, for
a 2-srs network with unit cell size a = 4 µm, filling fraction ∼ 21% (radius 0.074a), defect
diameter 0.14a, aspect ratio 1 and n = 3.4. Image adapted from [66].
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We also proved the presence of the WPs in the energy dispersions of the mic-scaled
PhCs comparing angle-resolved FTIR transmission measurements and numerical simulations.
Finally, we we discovered the chiral nature of the photonic WPs by coupling with spin-
angular momentum carried by circularly polarised light. This WP-induced mechanism led to
reversed CD along the directions that intersect the oppositely charged topological photonic
states.
The interaction between the photonic chiral WPs and the spin-angular momentum of
light paves the way to the exploration of the interplay between these topological systems and
orbital-angular momentum of light through spin- and orbital-angular momentum coupling
[166]. Consequently, the distinct chirality of WPs can lead to a new degree of freedom
in photonics [6, 126], high-sensitivity [167], switchable chiroptics [168], on-chip optical-
angular momentum multiplexing [169], spintronics [170], quantum optoeletronics [159], and
quantum computing [171]. The unique topological feature of WPs can enable these photonic
devices robust against defects and perturbations. Close to the WP frequencies, photonic Weyl
materials provide angular selectivity for filtering light from any 3D incident angle. Moreover,
the unique density of states at the WP can potentially enable devices such as high-power
single-mode lasers [29].
These experimental results are promising developments for the realisation of chiral
topological devices based on gyroid microstructures and further investigation of topological
photonics in 3D. A further discussion on the possible outcomes from this project is given in
the following chapter.

Chapter 7
Conclusions
7.1 Thesis conclusions
Manipulation of momentum space in photonic structures has enabled a range of physical
phenomena including negative refraction [172], slow light [8], enhanced nonlinearity [173],
and three-dimensional complete bandgaps [19]. Recently, Topology, a property related to
the global structure of the frequency dispersion of a photonic system, emerged as a new tool
for the control of momentum space and an additional degree of freedom for the discovery of
fundamentally new states of light [24].
The field of topological photonics has grown exponentially in recent years and promises
an enormous variety of breakthroughs in both fundamental physics and technological out-
comes. Despite these potentials, advancements in topological photonics research at the
technologically important optical frequency regime has been hindered by diffculties in fab-
ricating three-dimensional (3D) micro- and nano-structures that fulfill the requirements to
exhibit topologically non-trivial properties.
In this thesis we developed a method to realise 3D photonic microstructures with topo-
logically non trivial properties, in particular photonic crystals (PhCs) that possess frequency
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isolated optical Weyl points (WPs) in the bandstructures. It has been predicted [30], and
shown [29], that photonic isolated WPs can be found in PhCs with:
1. high- refractive index n,
2. Ia3¯d geometry (achiral double gyroid (DG) or achiral 2-srs network),
3. broken P-Symmetry,
To fulfil all the requirements listed above and experimentally acheive the type I WP phase of
pure P-symmetry breaking in the mid-infrared (MIR) regime, we developed a strategy that
consists of three parts:
• fabricate polymer achiral 2-srs PhCs via galvo-dithered direct laser writing (GD-DLW),
• breake the P-Symmetry by incorporating a periodic defect in the polymer template,
• acheive a high-n by depositing a layered-composite nanometic material on the polymer
templates via atomic layer deposition (ALD).
Moreover, we investigated the optical transport properties of these systems and in partic-
ular the interaction between the chiral WPs and the spin angular momentum of light.
This PhD thesis has made several important achievements towards the development of
WP PhCs:
1. Experimental demonstrate that with galvo-dithered direct laser writing (GD-DLW)
technique it is possible to fabricate biomimetic photonic structures with cubic symmetry
and superior control over size, periodicity and filling fraction compared to the biological
counterparts.
2. Create the core-cladding method to increase the effective n of a PhC.
3. Development of two different experimental strategies to realise the core-cladding
structure.
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4. Opening of a complete photonic bandgap (PBG) in 1-srs PhCs via Sb2Te3 atomic layer
deposition (ALD) deposition.
5. Fabrication 2-srs PhCs in the MIR regime via GD-DLW.
6. Numerical investigation of the photonic band structures and the optical properties of
2-srs PhCs, including the surface states.
7. Design and fabrication of achiral 2-srs PhCs with broken P-symmetry via GD-DLW.
8. Detection of WPs in the 2-srs PhCs band structure via angle-resolved Fourier Transforn
Infrared spectroscopy (FTIR).
9. Investigation of the coupling between opposite charged WPs and spin angular momen-
tum of light, revealing a WP-induced reversed circular dichroism (CD).
In this thesis we have theoretically investigated, fabricated and experimentally charac-
terised WPs PhCs. It was necessary to overcame conceptual and technical difficulties in
order to obtain these results.
Firstly, using a laser 3D printer we successfully fabricated bio-inspired three-dimensional
gyroidal PhCs with unit cell sizes of 3 µm and 4 µm with high accuracy and excellent
uniformity. We used a GD-DLW method to avoid the fabrication voxel elongation and
preserve in this way the cubic symmery of the PhCs, a crucial feature for the realisation
of 3D topological structures. The GD-DLW method not only improved the isotropy of the
fabrication, but also greatly enhanced the mechanical strength of the PhCs. We experimentally
characterised the transmission of circularly polarised light through these polymer gyroid
PhCs. Comparing experimental results with numerical simulations and theoretical band
structure calculations, we demonstrated strong circular dichroism (CD) and the high quality
of the structures.
Secondly, we have developed a core-cladding strategy to enhanced the n of the gyroids.
The idea consists of coating the laser-fabricated polymer templates with high-n material and
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in this way increasing the effective-n of the PhCs. We illustrated two different experimental
strategies to realise the core-cladding structure. The first one was the layer-by-layer (LBL)
deposition of high-n PbSe nanoparticles or PbS quantum dots on the polymer templates, and
the second one was realised via ALD of a layered-composite nanometric Sb2Te3 material on
the polymer PhCs. Using LBL and ALD deposition and combining FTIR characterisation
and numerical simulations, we were able to to prove that the increment of the effective-n
of the gyroids was of 40% and 100% respectively and the presence of complete photonic
bandgaps (PBGs).
The next step towards the experimental realisation of photonic type I WPs in the MIR
regime was the fabrication and characterisation of bio-inspired achiral 2-srs PhCs based
on the double gyroid (DG) geometry, which are the starting geometry for the photonic WP
structures. We illustrated our novel substrate-less fabrication method to realise PhCs without
background and therefore without interference during the transmission measurements. We
also investigated the dependence of the mechanical and geometrical properties from the
fabrication parameters.
We have shown the ability of achiral 2-srs networks to host WPs in their bandstructures
by comparing the simulations results with those of the achiral double gyroid. More in detail,
we investigated the behaviour of the bandstructures as n, filling fraction and perturbation
size and shape change. In order to understand the coupling between WPs modes and light,
we calculated the Bloch modes of the 2-srs PhCs. We analysed their polarisation states and
coupling to free space plane waves and provided a comparison between the transmission
spectra with the band structure of the PhCs. Finally, we presented the results of the study of
the surface state of the WP structures.
In our final chapter of this thesis we reported our experimental results of the fabrication
of achiral 2-srs PhCs with broken P-symmetry and high-n and the demonstration of the
presence of type I WPs in the band structure. The P-symmetry was broken by a periodic
defect incorporated in the achiral 2-srs design, and the n was increased from 1.5 to 3 via
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ALD of 90 nm of Sb2Te3 on the substrate-free polymer templates. After that, we proved the
presence of WPs in the high-n achiral 2-srs PhCs comparing angle resolved transmission
measurements with numerical simulations. Finally, we investigated the chiral character of the
opposite charged WPs testing the transmission of opposite handed circularly polarised light
through different directions of the WP PhCs, and proving in this way the coupling between
opposite charged WPs with opposite spin angular momentum of light.
To conclude, this PhD thesis has focussed on developing a fundamental understanding
of the iteraction between photonic WP systems and light. In particular we have examined
the circular dichroism properties along the directions that intersect opposite charged WPs
in a high-n achiral 2-srs PhC with broken P-symmetry and we discovered a WP-induced
mechanism that leads to reversed CD along the directions that intersect the oppositely charged
topological photonic states.
7.2 Future work
In this section we discuss the future outlook of this research, proposing possible research
projects based on the results of this PhD thesis.
Using the method we have developed in this thesis it is possible to fabricate PhCs with
cubic symmetry and precisely engineer their PBG using GD-DLW for the polymer templates
and coating them with a layered-composite nanometric Sb2Te3 material. This method can be
applied to a moltitude of designes. The WP phase that we have demonstrated in this PhD
thesis is just one of many possible systems that can be developed startyng from gyroids. The
gyroid is an amazing geometry which deserves further investigation and joint efforts between
the photonics, chemistry and biological research communities in order to explore the full
potential. For example, using the GD-DLW we can fabricate 8-srs PhCs with preserved cubic
symmetry and by tuning the n we can control optical activity and CD. This ability to confine
and control light propagation in 3D and the responsiveness to the polarization state of the
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Fig. 7.1 Weyl point wavelength as a function of the lattice constant of the achiral 2-srs
photonic crystal.
incident light would have important implications including high-sensitivity sensors [18, 158],
a wide range of on-chip functional optical components [16, 169] and quantum-optical devices
[159].
The interaction between the photonic chiral WPs and the spin-angular momentum of light
paves the way to the exploration of the interplay between these topological systems and the
orbital-angular momentum of light. Consequently, the distinct chirality of WPs can lead to a
new degree of freedom in photonics [6], high-sensitivity [167], switchable chiroptics [168],
on-chip optical-angular momentum multiplexing [169], spintronics, quantum optoeletronics
[159] and quantum computing [171]. It would be worthwhile to further study the WP
systems to optimize the topologically protected CD mechanism and understand if there is
something similar involving orbital angular momentum. Once the mechanism is clear, a
variety of application can benefit from the topologically protected optical properties and the
unique topological feature of WPs can enable photonic devices robust against defects and
perturbations.
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The next step of this project can be the application of super-resolution methods to access
the telecomunication regime (1550 nm) [58]. The core-cladding method here developed
can be immediately applied to structures with a periodicity of ∼ 1 µm, but super-resolution
methods [58] are necessary to print the reduced-size polymer templates. Scaling the WPs
wavelength down to1550 nm will facilitate the direct application of WP systems in photonic
devices. Features like the 3D surface states immune to fabrication defects can enable
scattering-free transportation of light on 3D photonic circuits [174]. The topological surface
states were not seen in this work, but can be characterized through reflection spectra or
evanescent-wave measurements.
Another research direction that can be undertake is the search for other 3D topological
phases. WPs are the intermediate topological gapless phases between topologically distinct
bandgap materials [175]. Terefore the realisation of these systems facilitates the search
for other topological phases in 3D and paves the way to the study of other 3D topological
photonic systems where 3D Dirac points [6, 176] and various gapped topological phases
[22, 175, 177] can be accessed. Moreover, the methods and the procedures used to study
WPs can be applied to other bosonic particles (phonons, excitons, plasmons, etc.).
Finally, since the material used to realise the cladding, Sb2Te3, has a topological insulator
behaviour [101], we can use the core-cladding system to explore the interaction between
solid state and photonic topological phases.
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